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CORRECTIONS AND EMENDATIONS 


Contributors to volume 46 have been invited to send corrections and emendations 
to be made in their paper, and the volume has been scanned with some care. Cor- 
rections and insertions are as follows: 


Page 72, line 17, for K; and Ke read k, and kg. 


80, figure 5, for 1500 read 2000, for 1750 read 2500, for 2000 read 3000, and 
for 2500 read 4000. 

89, line 6, equation 16, delete the integration sign following da in the first 
term. 

89, line 11, equation 18, the second bracket term should read [I(c)+I(d)]. 

164, figure 38, for venustus, read politus. 

168, figure 22, for curvatus, read abundans. 

246, delete lines 3, 4, and 5, beginning the second paragraph with line 6. 

811, add to Pelecypods, Aviculopecten lautus ithacensis. 

312, line 14, delete Schizobolus concentricus. 

313, several more transients are now known. - 

315, add to Gastropods, Phragmostoma explanatum. 

316, under Plants, delete Psilophyton princeps. 

316, five or six more Chemung species are reported down in the Ithaca. 

317, about 35 other Hamilton species seem to continue into the true Ithaca. 

320, add to Arthropods (?) Paramphibius didactylus and P. tridactylus. 

325, add to Arthropods (diagnostic), Pterygotus elleri. 

325, line 24, delete Aviculopecten striatus; see Transient list. 

327, under Pelecypods, delete Leptodesma mortoni; see p. 328. 

331, under Amphibians ?, delete ?Thinopus antiquus. 

331, add to Plants (diagnostic), Lepidostrobus gallowayt. 

332, line 14, Pararca commences in Middle Devonian (P. praecedens); 
Pararca sp. is reported by Kindle from the Ithaca. 

336, Rhychospirina (Rhynchospira) is a Lower Devonian genus. 

339, footnote, for 1178, read 1179. 

379, footnote 1, insert Ann. Soc. Géol. du Nord, before vol. 23. 

396, 397, 398. The U. S. Coast and Geodetic Survey has recently recom- 
puted the isostatic anomalies for stations 357 to 449 inclusive. The 
revised figures for stations 421 to 449 were received in time to permit 
corrections in the galley proof, but the new figures for stations 357 
to 393 came too late to be substituted for the old values. 

757, plate 52, caption, for Plate 76, read Plate 53. 

764, figure 2, for Metztown, read Mertztown. 

770, plate 53, caption, for Plate 75, read Plate 52. 

889, line 12 from bottom, for (Pls. 61 and 62), read (Pl. 62). 

898, line 14 from bottom, for (Pl. 67, figs. 3 and 4), read (Pl. 66, fig. 2). 

899, line 19, for (Pl. 66, fig. 4), read (Pl. 65. figs. 3 and 4). 

900, for UO2 proportion . . , read UOs proportion... 

909, last line, for (Pl. 58, fig. 1), read (Pl. 68, fig. 1). 

922, for (Pl. 66, fig. 1), read (Pl. 75, fig. 1). 

928, line 11, for Unknown No. 3, read Unknown No. 2. 
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INTRODUCTION 

A synopsis of this paper was presented before the Sixteenth Interna- 
tional Geological Congress at Washington in July, 1933, but as the paper 
itself was too long to appear in the Compte Rendu of the Congress, the 
Geological Society of America kindly consented to publish it. 

Since the writer’s lengthy review of the Permian of the world was pub- 
lished by the Society in 1928,’ a flood of Permian literature has appeared, 
from which he has gathered much information ; also, he has been in corre- 
spondence with local workers on the Permian in many parts of the world. 
Furthermore, he has recently received, through codperation with the 
Geological Survey of India, a large collection of fossils from the Productus 
limestone of the Salt Range, made by a trained collector, Austin M. N. 
Ghosh. Through another local collector, Guiseppe Bonafede, of Palermo, 
he has received a representative collection from the Middle Permian of 
Sicily. 

The best guide fossils for international correlations of the Permian are 
the fusulinids, the ammonites, and the brachiopods. For help with the 
Fusulinidae, the writer is indebted to his colleague, Carl O. Dunbar; 


1 Charles Schuchert : Review of the late Paleozoic formations and faunas, with special 
reference to the ice-age of Middle Permian time, Geol. Soc. ‘Am., Bull., vol. 89 (1928) p. 
769-886. 
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his thanks are likewise due to Arthur K. Miller, of the State University 
of Iowa, for abundant correlations derived from the ammonites. 

The general conclusions derived from these various sources are pub- 
lished in the hope that they will stimulate further research, until there is 
established a correlation of the Permian sequences of the world that will 
be universally accepted. 


SUMMARY OF CONCLUSIONS 


The writer’s studies of 1928, and those made since, lead him to the con- 
viction that the broader sequences of the Permian throughout the world 
are now understood, with the exception of the South American Andean 
region, where a fine development, apparently of the earlier Permian, is 
yet to be made known. These studies have resulted in the following 
conclusions : 

(1) As is well known, Murchison based his Permian system on the 
formations that occur directly above the Carboniferous in the Ural region 
of Russia. The equivalent strata in Germany had been described long 
before Murchison’s time, and were known throughout Europe as the Rot- 
liegende and the Zechstein. However, the base of the Permian in Europe 
has always been in doubt, for the marine record is more or less interrupted, 
either by fresh-water accumulation or by marked paralic and coal-making 
conditions, and therefore the evolution of marine life can not be deter- 
mined in the epoch extending from Carboniferous into Permian. In the 
United States, on the other hand, Texas, Kansas, Oklahoma, and Nebraska, 
taken together, present a complete marine sequence of both Upper Carbon- 
iferous (Pennsylvanian) and Permian. This is the longest and the most 
fossiliferous record of these strata known, with land floras interbedded 
at many horizons that tie in clearly with those of the Mississippi Valley, 
the Appalachian region, and Europe. This sequence of marine faunas 
causes the writer to hold that the original Permian of Russia should be 
extended to include the Uralian, which Murchison and the Russian geolo- 
gists since his time have called Upper Carboniferous. The Uralian, more- 
over, is separated by an unconformity from the Middle Carboniferous, and 
has a different fauna, but is unmistakably linked, both stratigraphically 
and faunally, with the Artinskian, which has these many years been con- 
sidered a part of the Permian, and which has an abundant ammonite 
development originating in the Uralian. With this addition of the Ura- 
lian to the Permian, the system becomes tripartite, including Lower 
(Uralian), Middle (Artinskian), and Upper (Kazanian-Zechstein) series. 

The movement to transfer the Uralian to the Permian was started by 
Noinsky in 1911, and later was supported by Beede and Kniker. It is 
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now accepted by Grabau and Huang of China, Frebold of Germany, 
Heritsch of Austria,? and the writer. 

(2) Of marine faunal realms in the Permian of the world, seven 
can be distinguished, four of which are of warm waters and three of cold. 
These are as follows (Fig. 1) : 

I. The vast mediterranean warm-water realm of Tethys was the most 
extensive, the richest faunally, and the most expressive of Permian marine 
invertebrate evolution. It began at least as far west as Sicily and ex- 
tended widely eastward across southern Asia and South China into the 
Pacific Ocean. (Ia) A branch of Tethys spread from the Himalayas 
southeast across Burma and Siam into the East Indies, where Timor has 
the largest known faunal development of the Permian, including over 600 
species. This is the Timoran province. (Ib) The last outpost of the 
Tethyan realm was in the Western Australian province, where the Teth- 
yan faunas became more or less mixed with the cold-water life of eastern 
Australia. 

II. The North Pacific realm embraced Japan and North China, extend- 
ing eastward through the Nanshan geosyncline as far at least as Gobi. 

III. Connected with the North Pacific Ocean was the American Cordil- 
leran realm, wherein the seas, spreading from both the Arctic and the 
Pacific oceans (IIIa, Alaskan province, probably with cold waters) and 
also from the Mexican geosyncline (IIIb, Tezan province, with warm 
waters), united for a time in the Middle Permian. This realm was 
equally as extensive as Tethys. 

IV. The South American Andean realm, of small extent, was evidently 
present only in Early Permian time. 

V. The Late Permian abnormal Uralo-Germanic realm occupied part 
of northwestern Europe and extended north into the Arctic Ocean. It 
is probable that this realm, also, had a cool-water fauna. 

VI. The cold-water Zastern Australian realm included Tasmania, with 
an extension into Himalayan India. 

VII. The cold-water Sibero-Alaskan realm connected with the Alaskan 
province. 


2 While this paper was in press, the writer received a paper by Heritsch [Die Strati- 
graphie von Oberkarbon und Perm in den Karnischen Alpen, Mitt. Geol. Gesell. Wien, Bd. 
26 (1934) p. 162-189], which gives the stratigraphy in detail, with faunal lists. The 
sequence includes the Upper Carboniferous (Auernig formation, 860 meters thick), fol- 
lowed upward, without break, by the lowest Permian (Rattendorfer formation, 175 
meters thick, with Schwagerina), and the younger Permian Trogkofel limestone. Heritsch 
correlates the Rattendorfer strata with the Wolfcamp of Texas and the Schwagerina 
limestone of Moscow and the Urals. The Cora and Omphalotrochus beds of Russia are 
referred to the Upper Carboniferous and correlated with the upper part of the Auernig 
formation of the Carnian Alps. The Trogkofel formation is regarded as the equivalent of 
the latest Wolfcamp and the Hess-Leonard. Above all these is a break, beyond which 
appear the Grédener beds and the Bellerophon limestone of the Upper Permian. 
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(3) The long known but poorly understood cold-water Permian fauna 
of eastern Australia has now been fully described by F. R. C. Reed * and 
correlated into the warm-water marine sequence of India, where its 
equivalents (Punjabian) lie in unbroken relation beneath the Lower Pro- 
ductus limestone (considered by the present writer to be late Middle 
Permian) and above the Talchir tillite (early Middle Permian). Still 
another cold-water fauna has just been reported in Siberia (realm VII).* 

(4) In northern India, the Glossopteris flora occurs twice in the marine 
sequence; once, in the warm-water Lower Productus limestone (=late 
Middle Permian), and again, in the cold-water fauna of Kashmir, appar- 
ently in the lowest part of the Agglomeratic slate, which the writer con- 
siders to be of the early Middle Permian. As these two interbedded plant 
assemblages have Gangamopteris, also, a genus known only in the older 
part of the Glossopteris flora, and as the latter flora is always found above 
the tillites in India, Australia, South Africa, South America, and the 
Falklands, the author feels more positive than ever before that this flora 
can not be older than early Middle Permian time as delimited by him. 

(5) With all these positive correlations to depend upon, and inasmuch 
as the tillites are always linked with Permian formations, the writer be- 
lieves that the ice age was not of Late Carboniferous time, or even of the 
Early Permian, but came either in the late Lower Permian or in the early 
Middle Permian, with the chances in favor of the latter. 

(6) The Gigantopteris flora originated in the United States before 
the time of the cold epoch—i. e., in the Early Permian—but appeared 
in eastern Asia long after the ice age—i. e., late in Middle Permian time. 

(7) The primitive, but unmistakably Permian, reptiles of Texas, New 
Mexico, and Oklahoma flourished in progressive evolution on a delta 
lowland in Early Permian time, and before the ice age. On the other 
hand, the extraordinary and highly progressive reptile faunas of South 
Africa were of post-glacial Permian time, and lived in a plains or sub- 
desert climate, with increasing warmth and aridity. 

(8) In Norway, Holtedahl* has announced the discovery of Early 
Permian (Rotliegende) plants in a sandstone that occurs beneath lava 
flows heretofore thought to be of Devonian age. These eruptives are 
connected with plutonic masses (essexite to granite) which contain a 
thorite upon which Kovarik based an age calculation of about 220,000,000 
years since their intrusion in Permian time. 


8F. R. C. Reed: New fossils from the Agglomeratic slate of Kashmir, Geol. Surv. India, 


Mem., new ser., vol. 20, no. 1 (1932). 
4B. K. Licharew: Die Fauna der permischen Ablagerungen des Kolyma Gebietes, Akad. 


Wiss. U. 8. S. R., Jakut. ser., Lief. 14 (1934). 
5 Olaf Holtedahl: Jungpalidozoische Fossilien im Oslogebiete, Norsk. Geol. Tidssk., vol. 


12 (1931) p. 323-339. 
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WHAT CONSTITUTES A SYSTEM? 


The delimitation of systems, or periods, has during the past one hun- 
dred years had as its physical bases (1) superposition, (2) lithology, and, 
more recently, (3) diastrophism with its resulting breaks and unconformi- 
ties; but time has shown that, in correlating widely separated regions, 
all these principles fail sooner or later, and that the most dependable basis 
for such correlations must be fossils. Fossils, however, are of five dif- 
ferent categories, which have unequal time values. These are (1) marine 
and (2) fresh-water invertebrates, (3) marine vertebrates, (4) plants, 
and (5) animals of the dry land. Each category has its own rate of 
evolutionary change, but it is the marine invertebrates that have the 
longest and most continuous record, into which the other organic his- 
tories may be fitted when marine and terrestrial deposits interfinger. 
Chief reliance is, therefore, placed on the evolving marine organisms, for 
each fauna shows its own stage of development, an organic process that 
never duplicates or reverses itself. This evolutionary sequence gives 
reliable service in connection with the greater divisions of time, but may 
leave more or less uncertainty in the correlation of the shorter ones, be- 
cause evolution in the different classes of animals and plants does not 
proceed at all times and in all places at the same rate, and, moreover, the 
assemblages with their hereditary histories are not everywhere the same. 

What stratigraphers think of physical evidence as the basis for 
establishing systems has been well summarized by Von Bubnoff,® and to 
that paper the reader is referred. His conclusion, like that of the present 
writer, is that the ultimate basis for the establishment and delimitation 
of systems is the evidence of the fossils. 

The validity of the Permian as a system was discussed by ten British 
geologists at meeting of the British Association for the Advancement of 
Science, held in 1931. Seven of the speakers favored the acceptance of 
a Permian system; one wanted to divide the Permian rocks between the 
Carboniferous and the Triassic; one, on the basis of the Hercynian 
orogeny, found it convenient to refer all the younger Paleozoic formations 
to the Mesozoic; and one held that the validity of a Permian system 
should be decided “by some representative international body of geologists.” 
Of the seven geologists who favored the retention of the Permian system, 
one says significantly, “Adhesion to the original definition of any system 
is the only alternative to chaos.” 


*S. von Bubnoff: Ueber die permische Formation und ueber geologische Zeitwenden, 
Die Naturwiss., Heft 29 (July 17, 1981) p. 634-639. 
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R. T. Chamberlin, in a review of this symposium,’ points out that the 
speakers reflect the needs of the practical stratigrapher much more strongly 
than the broader philosophical aspects of the problem. 

De La Beche in 1832 recognized, above the “Primitive,” seven divisions 
of geologic time, which may be interpreted as periods; Lyell in 1841, for 
an estimated thickness of five to six miles of strata, had eight such divi- 
sions. These were lithologic units, and out of them have grown through 
emendation the present twelve post-Proterozoic systems, now known to 
embrace about sixty miles of strata. 

These systems have usually been based on a rock sequence that was 
incomplete and poorly understood. Priority has been the fashion of the 
day, and this precedence no one has as yet dared to break down. How- 
ever, when subsequent work shows that the area selected as the basis for 
a system, or period, has only a partial record, or one that can not be under- 
stood without study of other areas, it is proper to go for this help to any 
region that will supplement the type area. This has been done success- 
fully with the Devonian, the Upper Carboniferous, and the Triassic. Why 
not with the Permian ? 

The Permian of Russia, as defined in the type area of the Urals, is the 
primary standard for correlation within that system. However, the use 
of the Russian sequence for such a standard is made difficult by the fact 
that the thicker upper part has peculiar marine deposits and faunas which 
need to be interpreted in the light of other, normally marine records. 
These abnormal brackish or highly saline formations, together with fresh- 
water and land deposits, make the widely spread groups of the Tatarian, 
the Kazanian, and the Kungurian of Russia, the Zechstein of Germany, 
and the Magnesian limestone of England. West of Russia, the older, 
normally marine, deposits are replaced by the Rotliegende, which is wholly 
of land origin and has remains of land life, especially floras. 

A second, and even greater, difficulty in correlating the Russian section 
with the Upper Carboniferous and the Permian of western Europe outside 
of Russia arises from the fact that the sequences are broken and imper- 
fect, as a result of crustal unrest. The first, and strongest, of these late 
Paleozoic orogenies occurred during the Upper Carboniferous (Asturian 
orogeny), when intermontane basins were formed, in which accumulated 
the Rotliegende land deposits of the older Permian ; a second came in the 
very middle of the Permian (later Rotliegende time), when the Saalian 
disturbance took place, erecting a land barrier between the sea of the 
Ural region and Tethys (Fig. 1) ; and still later the Urals were elevated, 


7R. T. Chamberlin : Discussion on the validity of the Permian as a system, Jour. Geol., 
vol. 40 (1932) p. 280-285. British Assoc. Adv. Sci., Rept., Bristol meeting, 1930 (1931) 
p. 315-325. 
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gradually changing the supersaline seas into land. It was these three 
crustal deformations that prevented western Europe from getting a com- 
plete marine record. In Germany, the angular unconformity goes through 
the middle Rotliegende, and, therefore, the deformed Lower Permian 
is connected structurally with the Carboniferous, whereas the slightly 
deformed Upper Permian and a part of the Rotliegende have the structure 
of the Triassic. 

Diastrophism also appears to be the reason for the absence of Lower 
Permian in Asia, where, to the writer, there appears to have been a time 
of marked and extensive mountain-making during the late Pennsylvanian 
and the Uralian of the early Permian. Accordingly, the climax of 
diastrophism was attained in one place or another toward the close of the 
Upper Carboniferous or early in the Permian, with subsequent minor 
episodes, and the making of the Urals in later Permian time. 

From the above, it seems clear that, on the basis of diastrophism alone, 
or, for that matter, on any other single line of physical evidence, one 
can not hope to attain harmony regarding international correlations, and 
especially regarding such a boundary line as that between the Penn- 
sylvanian and the Permian. On the other hand, the continuously 
evolving marine life known at innumerable places, when checked by the 
evidence of superposition, gives a chronology that can be followed with 
confidence over the face of the Earth. This record of organic changes, 
however, must be tested out where there is a complete or nearly complete 
marine sedimentary and fossiliferous sequence, such as exists in the Ameri- 
can Mid-continent area. On this basis, and with this standard, the 
various time units within the Permian can be established, and one should 
be able to agree upon an arbitrary boundary line between the Pennsyl- 
vanian and the Permian, and at the same time to define fairly well the 
top of the Permian system and the end of the Paleozoic era. 


THE TYPE PERMIAN OF RUSSIA 
GENERAL STATEMENT 
The typical Permian strata of Russia, as defined in that great classic, 
Geology of Russia in Europe and the Ural Mountains, are widely spread 
throughout eight governments, of which Perm is one. Of these strata, 
Murchison says: 


“We venture to designate them by a geographic name, derived from the an- 
cient kingdom of Permia, within and around whose precincts the necessary 


*R. I. Murchison, E. de Verneuil, and A. von Keyserling: Geology of Russia in Europe 
and the Ural Mountains (1845) p. 188, 140-141. 
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evidence has been obtained. . . . Our Permian system embraces everything 
which was deposited between the conclusion of the Carboniferous epoch, and 
the commencement of the Triassic.” 

It is here that the difficulty begins. 

The term, Carboniferous, as applied by Murchison to Russian forma- 
tions, included, first, the Lower Carboniferous, the equivalent of the 
Mountain limestone of England. His Middle Carboniferous began with 
the white limestone of Moscow, which has Spirifer mosquensis. The 200 
feet of limestone with Fusulina cylindrica, which lies above that with 
S. mosquensis, and which is now known to be Middle Carboniferous, he 
called Upper Carboniferous and correlated wrongly with the Uralian. He 
did not then know of any break between the Fusulina cylindrica limestone 
and the Uralian, but it is now the general conclusion that such a discord- 
ance occurs, although none has yet been proved between the Uralian and 
the Artinskian. 

Murchison’s “Upper Carboniferous” on the west flank of the Urals and 
above the Moscovian began with what he called the “Millstone Grit and 
Coal” on the Tchussovaya River, which he correlated, incorrectly, with 
the English Millstone Grit. Higher occur the “Goniatite Grits,” also 
then known as the “Grés d’Artinsk,” near Kungur and on the Ufa 
plateau. The goniatites, two of which Murchison thought were identical 
with well-known English Carboniferous species, were later found to be 
forms of the Lower Permian elsewhere. 

As early as 1874, Karpinsky had shown that the Artinskian strata fol- 
low unbroken upon the Uralian limestones, that species pass from the 
latter into the former and into the higher Permian as well, and that the 
transitional Artinskian ties together the “Upper Carboniferous” (= Ura- 
lian) and the typical Permian of Murchison. In his monograph on the 
Artinskian ammonites, which appeared in 1889, he adds that he would 
not refer the Artinskian to either system, but would call it the Permo- 
Carboniferous transitional series. 

The following account is a compilation from the two classics noted 
above, together with Tschernyschew’s valuable monograph on the Upper 
Carboniferous brachiopods of Russia. Further help was received from 
an unpublished manuscript on the Russian Permian, Tazonomic value 
of the Permian stratigraphic units, by A. A. Stoyanow, who has long been 
familiar with the field relations and the fossils of his native land. The 
writer also has a translation of Fredericks’ long paper in Russian ® on the 


®G. Fredericks: The upper Palaeozoic of the western slope of the Ural, Geol. Surv. 
U. 8. S. R., Trans., no. 106 (1932) p. 1-91. 
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upper Paleozoic of the western Urals, which was kindly made for him 
by its author. Other details not given here will be found in Schuchert 
(1928). 

PALEOGEOGRAPHY 


The region of the Urals had two distinct marine transgressions during 
the Permian period. The older, or Uralian, one deposited limestones 
that extend unbroken into the clastic “Permo-Carboniferous” series, or 
Artinsk stage, and was followed by more or less of emergence during the 
Kungur and the Ufa epochs. The normal marine faunas of the Uralian 
also spread southeast into the vast mediterranean of Tethys and gave 
rise to the younger Permian assemblages of India and South China. The 
Upper Permian, or Kazanian, transgression of the Urals and north- 
western Europe, on the other hand, developed into a great interior basin 
under an arid climate, and finally into vast salt basins which accumulated 
immense amounts of saline minerals; this area and the Arctic Ocean 
of northwestern Europe formed a faunal province that had little or no 
connection with the world-wide faunal realm of Tethys, or that of the 
American Cordillera. 

East of the north-south trending Uralian geosyncline lay high land, 
and against this land the Permian seas lapped from the west and from 
the Arctic. As these seas were all shallow, the more normal marine con- 
ditions were to the west, with the streams descending into the basin from 
the east. Therefore, nearly all the formations thicken toward the east, 
become more clastic, and take on red and variegated colors. The Zech- 
stein dolomites and the fossiliferous Artinsk beds lie farthest to the west. 
The Uralian limestones, deposited by warm, normally marine waters, are 
more uniform in character, for the Ural Mountains had not yet begun 
to rise. 

STRATIGRAPHIC SEQUENCE 


Faunal lists, given by the author in 1928,'° will not be repeated here. 
Other lists are available in Kayser’s text-book of geology." 


Triassic-Permian.—The exact ages of the different parts of the Tatarian 
stage have long been under debate. Apparently, it embraces both upper- 
most Permian and Triassic strata, with sparse faunas. Probably none of 
it is marine ; some is brackish, but most of it is a land deposit. The thick- 
ness is usually given as about 485 feet. 


2 Charles Schuchert : Review of the late Paleozoic formations and faunas, with special 
reference to the ice-age of Middle Permian time, Geol. Soc. Am., Bull., vol. 89 (1928) p. 
769-886. 

u B®, Kayser: Lehrbuch der Geologie, Bd. III, Geologische Formationskunde, Bd. I 
(1923) p. 383-385. 


14 CHARLES SCHUCHERT—MARINE PERMIAN SEQUENCES 


The Tatarian grades lithologically downward into the Kazanian, and 
as the transition stage has no fossils, the line of separation between these 
two stages is an arbitrary one. 


Upper Permian.—The Kazanian stage is correlated with the Thurin- 
gian of Germany, and embraces the upper part of the typical Permian 
of Murchison. According to Stoyanow, it represents the Middle Permian 
of Krotow and Nechaev and the Grey group of Tschernyschew. It con- 
sists of light-colored dolomites, limestones (scarce), sandstones, and 
shales ; the latter two types predominate below, and conglomerates occur 
only in the east. Its thickness is 240-325 feet. 

Fossils are common in the Kazanian strata, representing about 250 
species, with some 50 forms distributed throughout, the rest rare and 
localized. This is the typical marine Permian fauna of Russia and Ger- 
many, and is sparingly represented in England; it also spread northward 
into the Arctic Ocean and is known in Nova Zembla, Spitzbergen, East 
Greenland, and Bear Island. 

Certain beds described from the Little Dwina and Suchona rivers (We - 
goda), which hold land plants (Gondwantdwm, Gangamopteris, Glossop- 
teris), brackish or fresh-water shells, and vertebrates (Pareiosaurus, 
Dwinosaurus, Kotlassia, Dicynodon), may belong in the Kazanian stage, 
but their exact position is not yet established. Many of the reptiles are 
said to be related to those of the late Upper Permian (Cistecephalus zone) 
of South Africa.’? Amalitsky ** correlated the beds with the Upper Per- 
mian, but Tschernyschew * stated that the Dwina strata occur below the 
Zechstein and are, therefore, in the older part of Murchison’s Permian. 
This conclusion of Tschernyschew has the support of the plant evidence. 

The early Kazanian sea transgressed rapidly over the reddish strata 
of the continental Ufa stage, on which its gray, yellow, and greenish beds 
rest in apparent conformity. In places the Kazanian strata overlap the 
Artinskian, and even the Uralian, deposits, so that eventually the sea 
occupied nearly the same area as that of Artinsk time, being, however, 
more limited in the east and northeast. In the far north the connection 
with the Arctic Ocean was rather limited or even closed, but on the south 
the Kazanian sea widened out in the Orenburg region. What its connec- 
tion was with Tethys, if any, is obscure. Accordingly, the sea of Kazanian 
time was an interior one, which explains the monotonous nature of the 
fauna. 


2. von Huene: Wirbeltierfaunen des permischen Festlandes in Europa und thre 


Zusammenhinge, Abh. Tiibinger Naturw., Heft 9 (1925). 
1% V. Amalitsky : Sur les fouilles de 1889 de débris de vertébrés dans les dépéts permiens 


dela Russie du Nord, Soc. Imp. Nat. St. Petersbourg (1900) p. 1-25. 
4 In E. Kayser: op. cit., p. 385. 
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Break in sedimentation—In much of the Ural region: the sequence 
shows a marked break between the Lower and the Upper Permian. The 
sea retired toward the west for a long time after, or during, the Kungur 
stage, and was absent over a considerable part of the Ural region (chiefly 
the Ufa plateau). This hiatus is closed up fairly well west of the Urals, 
where the Kungur, in its upper part, passes into the non-marine Ufa stage 
of variegated clays, sandstones, and conglomerates, with local beds of 
gypsum. 

The diastrophism that brought about these changes has already been 
discussed. These movements made the Armorican and the Variscan 
mountains of central Europe and finally, in later Permian time, the 
Urals. 


Middle Permian.—The late Middle Permian Ufa stage consists mainly 
of red or variegated arenaceous, and red or gray argillaceous strata about 
v50 feet thick. Cross-bedding and rippling are frequent, with conglom- 
ei“tes in beds ranging in thickness up to several meters. Gypsum is com- 
mon in zones tens of meters thick in places, especially in the lower part of 
the stage. 

The Ufa strata lie parallel with the western front of the Ural Moun- 
tains, and widen greatly in extent to the north. They rest upon the Lower 
Permian or upon the Artinsk. 

As no normal marine fossils occur (the reported cases being erroneous, 
according to Stoyanow) and as the beds contain only fresh- and brackish- 
water bivalves, phyllopods, rare insects, fishes, and land plants and reptiles, 
it is evident that the Ufa deposits are essentially of a continental char- 
acter, and were formed in saline basins with inlets from the sea, under a 
dry, warm climate, as attested by the thick beds of gypsum. These Ufa 
strata are the last of the Middle Permian. 

The Kungurian stage represents the lower part of the typical Permian 
of Murchison. According to Stoyanow, it is sometimes interpreted as an 
upper division of the Artinsk. Tschernyschew, working in the Ufa region, 
found that above the Artinsk sandstone occur oolites, dolomites, and slabby 
limestones (= Kungurian), which have, in their lower part, a mixture of 
late Permian types and characteristic Uralian forms, and in their upper 
part, few Uralian species. He therefore referred the lower part to the 
Permo-Carboniferous and the upper part to the Permian ; nevertheless, he 
considered the whole as one unit,\which could not be separated either on 
paleontological or on lithological grounds. Later, Krotow gave the name, 
Kungur, to these strata 


II—BUuLL. Grou. Soc. Von. 46, 1935 
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Krasnopolsky ** determined that the Kungur strata are homotaxial with 
the upper Artinsk, and Tchernov ** found that the uppermost sandstones 
of the Artinsk are equivalent to the Kungur. Because the Kungur is so 
little known stratigraphically and faunally, for the present the term is 
not of much use in international correlations. 


Early Middle Permian.—Murchison erroneously correlated the Artin- 
skian strata with the Millstone Grit of England; Karpinsky, who gave 
them the name Artinsk, and Tschernyschew called them Permo-Carbon- 
iferous. The Artinsk consists chiefly of sandstones, but has local con- 
glomerates, shales, marls, and limestones, with here and there a coal bed. 
Of the 213 species of brachiopods in the Uralian, 59 extend up into the 
Artinsk, which has 61 species in all. Moreover, according to Tchernov, the 
entire brachiopod assemblage of the Artinsk closely resembles that of the 
Uralian, and it is often difficult to distinguish the age of the various strata, 
even when scores of brachiopods are present. The 35 forms of ammonites 
in the Artinsk nearly all arose from three forms of the higher zone of the 
Uralian. In the older Artinsk occurs Schwagerina princeps artiensis ; 
this, the last occurrence of the genus in Russia, again shows how inti- 
mately the Uralian is tied to the Artinsk. Krotow *" listed 293 species 
of various kinds of fossils in the Artinsk, and of these, 150 are “Carbon- 
iferous” types (i. e., Uralian), whereas 53 are Middle and Upper Permian 
kinds, and the remainder are restricted to this stage. These figures are 
no longer accurate, but they at least show the intimate relations of the 
Artinsk fauna to that of the Uralian below and the Kungurian above. 
In 1928 the nautiloids were restudied,’* and of the nine species, none was 
found to come up from the Uralian below, but two go up into the Kun- 
gurian. 

New light is thrown on the ammonites of the Artinsk by Miller’s recent 
studies of later Middle Permian ones from Sosio in Sicily.1° Gemmel- 
laro was the first to make known this Sicilian Permian, describing the 
greater part of its fossils, between 1888 and 1899. Upward of 350 species 
are defined. Of ammonites, 76 forms are known in 23 genera, and their 
state of evolution shows them to be of the upper part of the Middle 
Permian, or about the equivalent in time of the Word formation of Texas. 


1% See S. von Bubnoff : Geologie von Europa, Bd. 1 (1926) p. 83. 

3% A. Tchernov: L’étage d’Artinek, Soc. Imp. Nat. Moscou, Bull., n. s., vol. 20 (1906) 
p. 270-401. 

17 A. Krotow: Artinek étage, Arb. Naturf. Gesell. Kazan, vol. 13, no. 5 (1885). 

%M. V. Kruglov: Upper Carboniferous and Artinskian Nautilidae of the Ural, Trav. 
Mus. Geol. Leningrad, III (1928) p. 63-206. 

A. K. Miller: Age of the Permian limestones of Sicily, Am. Jour. Sci., 5th ser., vol. 
26 (1933) p. 409-427. 
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In other words, these ammonites are intermediate in age between those 
of the Russian Artinsk and those of the Upper Productus limestone of 
India. This interrelationship is fully set forth by Miller. 

Among the brachiopods, the presence of large Scacchinella, Meekella, 
and Richthofenia, and an extraordinary and varied development of Lytto- 
nia, make it clear that the time is that of the Word. 

From this locality, Staff *° described Schwagerina yabei, a large and 
advanced species, and Silvestri ** has recently described and figured a 
variety of distinctly Permian fusulines; notably, Neoschwagerina crati- 
culifera, Doliolina verbeeki, Sumatrina gemmellaroi, Schwagerina yabei, 
and two or three species of Pseudofusulina or Parafusulina. 


Is there a break between the Artinsktan and the Uralian ?—Fredericks 
has described a big break between the Artinskian and the Uralian, said 
to represent the length of Middle Permian time. If so conspicuous a 
break exists, it seems strange that it has not been seen by any other 
able field worker. It is true that the Geological Survey of Russia, fol- 
lowing Murchison, has always referred the Uralian to the Upper Car- 
boniferous, and, therefore, begins the Permian with the Artinsk; but 
thus to place the boundary between’ two systems does not necessarily 
imply that a break exists there. On the other hand, the paleontological 
facts, as indicated in a previous paragraph, indicate no break, only a 
transition of faunas from the Uralian into the Artinsk. Even Fredericks, 
in his 1932 translation, says: “There is a close resemblance between the 
faunas of the lower horizons of the Permian (Artinsk) and the upper ones 
of the Uralian . . . one is clearly a descendant of the other.” 

Tchernov,”* who has long been familiar with the older Permian of the 
Urals, takes up Fredericks’ statement, point by point, in his paper of 
1932, and states that in his ten years of work in the northern Urals he 
has nowhere seen a disconformity, an angular unconformity, or an eroded 
surface of the Uralian over which the Artinskian is deposited. More- 
over, the ammonites at Krasnoufimsk, where Fredericks noted the break, 
indicate that the strata on both sides of the supposed break are of the 
same age—Artinskian. 


Lower Permian.—The Uralian stage is the “Upper Carboniferous” of 
Russian geologists. It is, however, wholly unlike any Carboniferous known 


2% H. von Staff: Beitrige zur Kenntniss der Fusuliniden, N. Jahrb. f. Min., Beil.-Bd. 27 
(1909) p. 463. 

2A. Silvestri: Fusulinidi dell’Antracolitico della Valle del Sosio, Ist. Geol. Univ. 
Padova, Mem., vol. 10 (1933) p. 1-45. 

2A. Tchernov: On the absence of a break between Upper Carboniferous and Lower 
Permian deposits of the Ural-region, United Geol. Prosp. Serv. U. S. S. R., Bull., no. 51, 
fasc. 21 (1982) p. 352-361. 
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in the United States. The upper part of the Uralian has long been 
called the “Fusulina limestone,” but it is now known that the genus 
Fusulina is restricted to the Middle Carboniferous in both Russia and 
the United States. Fredericks was so kind as to send fusulinids from 
ifany localities in the Uralian and from two places in the lower Artinsk, 
to Dunbar. This material shows that the genus Fusulina is not present 
in the Uralian, but that the so-called “Fusulinas” of the Uralian are all 
more advanced in structure than are those of the American Pennsylvanian. 
As no true Fusulina occurs in the Russian Uralian, only Schwagerina, 
and, predominantly, Pseudofusulina, genera proved to occur in the United 
States above the Upper Carboniferous, here is an added argument for 
removing the Uralian to the Permian system. 

The Uralian is subdivided as follows, beginning at the top: 

1. Schwagerina zone (C 3/3).—This zone has been referred to the Per- 
mian (by Noinsky), because it is held to pass laterally into the Artins- 
kian. In Timan, it is about 195 feet thick and consists of reddish and 
grayish noduliferous limestone, or white limestone and magnesian lime- 
stone, interbedded with flint zones; in the southern Urals, it is made up 
of light-colored limestones; in the rest of the Urals and the Ufa plateau, 
the limestones are white and gray, and about 160 feet thick. In the last- 
named region are found the three oldest ammonites in Russia; Agathi- 
ceras uralicum, Pronorites uralensis, and Gastrioceras marianum. 

Of the nautiloids, thirteen species occur in the Uralian, but none goes 
higher ; these are in nine genera, and five of them go into the Artinsk, 
whereas three are restricted to the Uralian (Coelonautilus, Metacoceras, 
Pleuronautilus). 

This zone has the best development in Russia of the Lower Permian 
faunal expression, with the oldest ammonites and the first brachiopods of 
the families Lyttoniidae (Keyserlingina) and Richthofeniidae (Teguli- 
fera). Of the 194 species of brachiopods in this zone, 53 are from below 
and 59 continue upward into the Artinskian. In other words, over 90 
per cent of the Uralian brachiopods occur in this zone, and of these 30 
per cent go higher. The fusulinids are represented by Schwagerina and 
several species of Pseudofusulina. 

2. Productus cora zone (C 2/8).—In Timan, this zone is made up of 
light-gray oolitic, and greenish-gray glauconitic limestones about 230 feet 
thick; in the Urals, the limestones are sandy, with marls, thin oolites, 
and black shales, and the thickness is 325 feet. Brachiopods predominate 
in this zone also, in 67 species, of which 29 come from below. The extraor- 
dinary shark, Helicoprion, occurs here. 
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3. Omphalotrochus zone (C 1/3a).—This zone is about 40 feet thick in 
Timan, and consists of light-gray, thin-bedded limestones filled with 
casts of corals, or white oolites alternating with red and yellow slabby 
limestones. In the Urals, it is 195 feet thick. It has been called the 
Gschel stage and the Spirifer supramosquensis zone. It is in this Ompha- 
lotrochus stage that fossils which herald the Permian appear in increas- 
ing numbers, including 31 species of brachiopods. 

4. Spirifer marcoui zone (C 1/3b).—This is the lowest stage of the 
Uralian. In Timan, it consists of light-gray magnesian cavernous lime- 
stone with calcite geodes and flint nodules, or it may be all of knobbly 
limestone. There is no great variety of fossils, mainly the Spirifer men- 
tioned and some corals. 

No angular unconformity is present between the Uralian of the 
Permian and the Moscovian of the Middle Carboniferous. The break, 
however, appears to the writer to be of far greater importance than the 
Russian geologists believe, for in Kansas and Texas the Upper Carbon- 
iferous (Pennsylvanian) that fills in this hiatus is from one to several 
thousand feet thick. 


PERMIAN OF INDIA 
GENERAL STATEMENT 


One of the best known developments of the marine Upper Permian, 
and probably the grandest, all things considered, is that of the Salt Range 
of northwestern India, which is the standard for correlation throughout 
the Tethyan realm of Asia and eastern Europe. In the Salt Range the 
formations are not much deformed, and have many fine fossils, which are 
of the normal warm-water marine realm that is of wide distribution 
throughout the northern hemisphere. 

Furthermore, the Salt Range Permian has added interest because of its 
clastic basal member with a sparse cold-water fauna, now better known 
in nearby Kashmir. This member begins with the Talchir tillite, re- 
cording the “most remarkable episode” of the Permian. More valuable 
still is the correlation of the cold-water fauna with the warm-water one, 
which can now be made, enabling stratigraphers for the first time to fit 
chronologically into the Permian of the northern hemisphere the strange 
and poorly understood fauna of the Marine Series of eastern Australia. 
The extent of this peculiar austral fauna of the Indo-southern Pacific 
marine realm, which spread across the equatorial belt, reaching from 34° 
North Latitude to at least 45° South Latitude, can now be clearly visual- 
ized. This cold-water fauna is known to be older than any part of the 
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PERMIANor INDIAg AUSTRALIA 
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Productus limestone, although in Australia it lived on long after it had 
vanished in India. 

In 1928, the writer pointed out that the late Paleozoic diastrophism 
which, as Wadia says, “profoundly altered the face of the continent,” ** 
took place late in the Lower Carboniferous rather than after Middle 
Carboniferous time, as is usually held in India. For this reason, no 
Upper Carboniferous, in the sense of the late Pennsylvanian of the United 
States, is present throughout most of Asia, and in most countries, in- 
cluding India, there is no Middle Carboniferous. Grabau,?* also, notes 
this long break in the record. 

This orogeny in eastern Tethys, the grandest crustal movement of 
Paleozoic time, together with the subsequent Permian submergence, 
greatly altered the Tethyan mediterranean and extended it over the whole 
of northern India, Tibet, and China, so that for a long time thereafter the 
southern continent of Gondwana was separated from Eurasia. The south 
shore of this mediterranean then lay to the south of the present Salt 
Range, with at least one bay extending to central India at Umaria. 


STRATIGRAPHIC SEQUENCE 


The following synopsis of the Permian stratigraphic and faunal se- 
quence of the Salt Range is based, in the main, on Waagen’s classic mono- 
graph,”* together with Noetling’s contribution to Salt Range geology,”* 
and Koken’s paper on the Permian ice age of India.** The writer has 
also studied many other publications of the ever active Geological Survey 


of India. 


Lower Triassic and Break.—As yet, no one has attempted to say how 
much of geologic time is absent between the Lower Triassic, with its 
marine Ceratite beds, and the Upper Permian. In any event, not a single 
Permian species is known to have continued into the Lower Triassic of the 


Salt Range. 


Upper Permian-Middle Permian.—The Productus limestone sequence, 
700-1000, and possibly 1600, feet thick, is apparently entirely unbroken, 
judging by the way in which the fauna passes from the lower division into 
the higher without sudden change. Reed, Cotter, and Lahiri “regard the 


%D. N. Wadia: Geology of India (1919) p. 135. 

% A, W. Grabau : Permian of Mongolia, Nat. Hist. Central Asia, vol. 4 (1931) p. 521. 

%W. Waagen: Salt-Range fossils, Geol. Surv. India, Mem., Pal. Indica, ser. 13, vols. 1, 
4, pts. 1, 2 (1879-1891). 

%*F, Noetling: Beitrige zur Geologie der Salt Range, insbesonders der permischen und 
triassichen Ablagerungen, N. Jahrb. f. Min., Beil.-Bd. 14 (1901) p. 369-471. 

. Koken: Indisches Perm und die permische Eiszeit, N. Jahrb. f. Min., Festband 


(1907) p. 446-546. 
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whole sequence from the Boulder Bed upwards to the Productus Limestone 
as conformable.” ** In other words, the strata composing the Permian 
of the Salt Range represent continuous deposition. 

The marine warm-water faunas of the Permian of India are in greatest 
development in the Upper and the Middle Productus limestone, which 
most stratigraphers (especially Noetling and Koken) regard as of Upper 
Permian time. The faunas are introduced in the Lower Productus lime- 
stone of the late Middle Permian. 

The Upper Productus limestone (Chideru group) is 200-300 feet thick. 
Usually, the strata are yellowish-brown sandy limestones and sand- 
stones. Near Warcha, they are well-bedded, homogeneous, and sandy 
limestones about 200 feet thick. In that vicinity, the upper Bellerophon 
beds of this group have, according to Reed,?® Productus indicus, P. aratus, 
Waagenoconcha purdoni, Spirigerella praelonga, Pseudomonotis waageni, 
P. middlemissi, Bellerophon (five species), Protocycloceras cyclophorum, 
Metacoceras warchense, Taenioceras noetlingi subglobosum. 

Elsewhere than at Warcha are found the following ammonites: in the 
higher Upper Productus limestone, Episageceras wynnei; in the middle 
part, Cyclolobus oldhami; and in the lower beds, Popanoceras priscum, 
Stacheoceras diblassi, Xenodiscus plicatus, and Medlicottia prima. 

The Middle Productus limestone ( Virgal group), early Upper Permian, 
is 300-400 feet thick. It consists of light-colored siliceous limestones, 
massive and cliff-making, or thin-bedded. The upper portion has inter- 
bedded brown shales, and the lower, interbedded dark shales. 

In the upper 20 feet occurs Xenaspis carbonaria. 

The upper part of the group has the Waagenoconcha abichi beds, with 
over 80 species near Warcha, as identified by Reed. At least 15 species 
of brachiopods of the Upper Permian occur here, among which are Chone- 
tella nasuta, Productus vishnu, P. gratiosus, Strophalosia (five species), 
Richthofenia, Oldhamina, Lyttonia, Scacchinella, Terebratuloidea (three 
species), Notothyris (four species), Hemiptychina (three species), Colo- 
ceras immane. The great development of plicate terebratuloids (twelve 
species) appears to the writer decidedly indicative of Upper Permian 
time. 

The “Cliff limestone” is often one mass of crinoidal fragments or of 
corals, the latter making local reefs, but most of the species are like those 
in higher strata. Lyttonia is present. 


#2F. R. C. Reed, G. de P. Cotter, and H. M. Lahiri: The Permo-Carboniferous succes- 
sion in the Warcha Valley, western Salt Range, Punjab, Geol. Surv. India, Rec., vol. 62 
(1930) p. 421. 

29 Ibid. 
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At the bottom is the lower Bellerophon bed, also rich in fossils like those 
above, among them Oldhamina, Richthofenia ambiensis, Coloceras im- 
mane, Foordiceras grypoceroides, F. transitorium multicostatum. 

The Lower Productus limestone (Amb group), late Middle Permian, 
is 213-300 feet thick. This group is composed of dark shales with inter- 
bedded glauconitic or arenaceous limestones or dolomites, and sandstones 
with coal partings. It is characterized by Spirifer marcout. No Lyttonia, 
Oldhamina, or Notothyris occur here; most of the productids, bivalves, 
and gastropods are absent, as are all the corals and the cephalopods 
(Koken). Can this sparse fauna, without corals and cephalopods, be due 
to cool waters holding over from Punjabian time? 

Cotter *° has given a detailed measured sequence of the Amb group at 
Warcha, where it is 213 feet thick. The fossils have been determined 
by Reed. To this work the reader is referred for details. It is, how- 
ever, important to note how gradually the Productus limestone fauna 
appears. Only a few of the more striking beds (retaining Cotter’s 
numbers) will be mentioned here. The descending sequence is, in part: 

Bed 6 (22 feet), a terrestrial deposit with land plants only: Gangamop- 
teris cyclopteroides, G. major, G. kashmirensis, Glossopteris indica, and 
Annularia. “The Gangamopteris beds of Kashmir are placed in the base 
of the Permian by C. S. Middlemiss and by C. Diener; their position in 
the Salt Range sequence appears therefore to correspond exactly with their 
age in Kashmir.” ** The predominance of Gangamopteris over Glossop- 
teris indicates plainly that this horizon is in the early part of Glossopteris 
time, but when this plant assemblage appeared in the Permian is not yet 
established. 

The important discovery of the Glossopteris flora interbedded in the 
marine strata of the Lower Productus limestone, a short way above the 
beds with Parafusulina (Beds 16-27), shows that this flora and the asso- 
ciated strata, down at least to the base of the Parafusulina zone, are all 
younger than the Uralian. 

Beds 16-27 make up the Parafusulina kattaensis zone, the earliest stage 
of the Productus limestone series. Bed 16 (4 feet) has Parafusulina kat- 
taensis. Bed 20 (7 inches) has Chonetes ambiensis, Strophalosta tenui- 
spina, 8. plicosa, Athyris semiconcava, and other forms. Bed 24 (30 
inches) has Derbyia grandis and Neospirifer fasciger. Beds 26-27 (23 
feet 9 inches) have Parafusulina kattaensis, Schizophoria indica, Athyris 
acutomarginalis, Marginifera transversa, and other forms. No break with 
the underlying Punjabian clastics is known, one series passing into the 
other lithologically. 


% Reed, Cotter, and Lahiri: op. cit. 
*1 Reed, Cotter, and Lahiri: op. cit., p. 443. 
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The Geological Survey of India furnished Dunbar with abundant fusu- 
line collections from the “Fusulina limestone” at Warcha. These all 
proved to include only the single species, Parafusulina kattaensis.5?» The 
genus Parafusulina does not occur below the zone of Schwagerina, and in 
West Texas it ranges through the Middle Permian. Schwagerina has not 
been found in the Productus limestone series of India, and as it is widely 
spread in Russia and in China, its absence from the “Fusulina limestones” 
of the Salt Range would seem to be strong evidence that its horizon and 
time are not there represented. The inference is, therefore, that the abun- 
dance of Parafusulina and the absence of Schwagerina in the Lower Pro- 
ductus limestone indicate that this division belongs in the Middle Per- 
mian. 

The warm-water fauna of the Productus limestone begins to appear 
in scattered species in the upper part of the Lavender clay, at the top 
of the Punjabian clastics. Then in the following Lower Productus lime- 
stone the fossils become ever more plentiful. Waagen and others have 
described 169 brachiopods, 32 bryozoans, 68 bivalves, 35 gastropods, 21 
cephalopods (mostly nautiloids), 8 crinoids, and 12 corals (6 tabulates 
and 6 tetracorals), the rest being of various classes. Of these 404 species, 
16 range throughout the Productus limestone. The following table shows 
other ranges: 


No. passing 
Divisions Total species upward 
Middle Productus limestone. 190 62 


Beneath the Productus limestone lies a thin clastic series of variable 
thickness, known as the Punjabian cold-water group, which has a sparse 
and peculiar fauna of 25 species, wholly unlike the more prolific one above. 
The beds are 386 feet thick at Warcha, but thicken westward to 700 feet. 
Waagen saw clearly that the fossils of the Punjabian series were closely 
related to the assemblage from eastern Australia, but other stratigraphers 
were in doubt about this. Recently, this same fauna has been found, in 
better development, in a thick pyroclastic series in the Himalayas, which 
Reed ** has described. Now, it is evident that these cold-water assemblages 
are of an independent province that must have extended from the 
Himalayas across the equator, south through eastern Australia into 
Tasmania. 

Where in the Permian shall this cold-water fauna be placed? The 

%C. O. Dunbar: Stratigraphic significance of the fusulinids of the Lower Productus 
limestone of the Salt Range, Geol. Surv. India, Rec., vol. 66 (1933) p. 405-413. 


%F.R. C. Reed: New fossils from the Agglomeratic slate of Kashmir, Geol. Surv. India, 
Mem., new ser., vol. 20, no. 1 (1982). 
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strata in which it occurs go up unbroken into the Productus limestone, 
which is, in the main, of Upper Permian time, although it may well be 
that the Lower Productus limestone is late Middle Permian. Accord- 
ingly, the Punjabian clastics can not be much older than early Middle 
Permian. This conclusion of the author has surprised some stratigraph- 
ers, but so far as he can evaluate the evidence, the above correlation ap- 
pears to be correct. 

The Punjabian clastics also go unbroken downward into the basal 
Permian Talchir tillite, which is said to be thrust over Cambrian beds. 
The age of the tillite should, therefore, be earliest Middle Permian, on the 
basis of the correlations made above. In Australia, on the other hand, 
the equivalent tillites lie beneath the Marine Series, which, according to 
Reed’s work, has the same fauna as the Punjabian, but here again the 
sequence is broken, for beneath the tillite and its equivalent marine boulder 
beds lies the Lower Carboniferous (Kuttung). Consequently, one can 
not as yet prove in detail the age of the Permian ice time, other than to 
say that it surely is younger than any part of the Uralian, and probably 
will turn out to be of early Middle Permian age; this is the most important 
unadjusted problem in the stratigraphy of the Permian. 

The Permian of Kashmir has its own peculiar development, but the 
faunas clearly reflect those of the Salt Range. This is as it should be, for 
both regions are within the Tethyan mediterranean, the former being near 
the north shore, whereas the latter is of the south shore. The Upper Per- 
mian of Kashmir (Zewan) is, on the basis of its fossils, surely the cor- 
relate of a portion, or all, of the Upper Productus limestone. There 
appear to be, however, no equivalents here for the Middle Productus 
limestone. The early Middle Permian is represented by the Panjal traps 
and by pyroclastics (Agglomeratic slate) with a cold-water fauna that 
is clearly the equivalent of the one occurring in the Punjabian clastics of 
the Salt Range. Beneath is Lower Carboniferous. 

This cold-water fauna has no fusulinids or highly specialized brachio- 
pods such as lived in warm waters, and corals and ammonites appear to 
be wholly absent; the productids and the winged spirifers are also fewer 
in species, and the latter are often of unusually large size, reaching five 
inches in width. Bivalves are the common fossils, with such peculiar 
genera as Furydesma, Maeonia, Astartella, and Oriocrassatella. 

The author has received an interesting paper by Licharew,** describing 
an Early Permian fauna from the arctic region of Siberia (Kolyma prov- 
ince). It is a small assemblage devoid of fusulines, corals, and ammo- 


% B. K. Licharew : Die Fauna der permischen Ablagerungen des Kolyma Gebietes, Akad. 
Wiss. U. S. S. R., Jakut. ser., Lief. 14 (1934). 
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nites, but has brachiopod species identical with those in the cold-water 
fauna of Kashmir. Hence, Licharew regards this Kolyma fauna as of 
cold waters, but no one is as yet able to point out the marine route of com- 
munication between the Arctic Ocean, India, and Australia. 

The following descending section at Warcha is given by Cotter, who 
says that the change from the arenaceous cold-water facies of the Punja- 
bian into the warm-water Productus limestone “is a very gradual one; 
the alteration in facies is nowhere sudden, and there is no evidence of any 
unconformity or of any stratigraphical gap.” * 


Ft. 
Finely laminated carbonaceous sandstone..........cccsceseccccccccecece 27 
Purple and white sandstone with thin strings of pebbles...........-.+.08. 277 
Fine-grained green sandstone with coaly laminae and a few indistinct 
Thrust plane 


Pre-Cambrian Purple sandstone 


In the eastern Salt Range the upper division of the Punjabian, having 
a thickness of 250 feet, is known as the Warcha group. At the top of 
this group is the banded marine Lavender shale stage (100 feet), with thin 
beds of limestone or dolomite containing the first scattered forerunners of 
the Productus limestone fauna; below, occurs the marine unfossiliferous 
Speckled sandstone stage (150 feet). 

The middle division of the Punjabian of the eastern Salt Range is the 
Dandote group, about 225 feet thick. At the top is the unfossiliferous 
upper Olive sandstone, interbedded with gray and blue shales and con- 
glomerates (110 feet). Beneath is a fossiliferous zone about 50 feet thick, 
divided into the Conularia beds (above) and the Furydesma beds, and 
followed downward by the lower Olive sandstone (65 feet). In the Fury- 
desma beds the characteristic bivalves occur by the thousands as molds. At 
Khussak, Hurydesma is found in the lower Olive sandstone, just above the 
tillite. The Conularia faunule of 21 species is nearly all of small forms, 
and nine of them, with the four Eurydesmas, are found also in Australia. 
Conularia occurs in the top of the tillite bed at Nilwan, in the transition 
zone to the Olive sandstone at Mt. Chel and at Sadowal, and elsewhere in 
the lower Olive sandstone. Seven to ten of the species are known also in 
Kashmir. 

The lowest division of the Punjabian is the Talchir tillite, 2-150 feet 
thick, which has faceted and glaciated boulders, chiefly granites, por- 
phyries, and rhyolites, in a fine clay matrix, with lenses of sandstone and 


% Reed, Cotter, and Lahiri: op. cit., p. 424. 


= 
st 
on 


PERMIAN OF INDIA 27 


conglomerate. The boulders may be as much as 6 feet in diameter, and 
have been traced mainly to a source in Rajputana province, 750 miles to 
the south. These boulder beds are known for a distance of 200 kilometers 
from east to west in the Salt Range. In places there are striated pave- 
ments. Faceted stones occur sporadically throughout the sandstone, and 
the boulder beds pass gradually into the Dandote sandstone. Moraines 
can be traced many miles, and the substratum over which the continental 
ice sheet moved is seen to have been pushed up locally and broken. The 
Salt Range was the northern margin of this inland ice and likewise the 
southern strand of the shallow sea which soon followed, as is indicated 
by the Conularia and the Hurydesma faunas in the older Olive sandstones. 

Unfortunately, the Punjabian does not continue unbroken into older 
formations, for in places the Salt Range is thrust over ancient sediments, 
and elsewhere the Punjabian transgresses over marine Middle Cambrian. 
Hence, superposition gives no help here in correlation. However, as the 
Talchir tillite appears to correlate with the true tillites of the Lower 
Marine series of eastern Australia, and as these lie disconformably on late 
Lower Carboniferous (Culm), one is surely safe in assuming that the Pun- 
jabian can not be older than some part of the Upper Carboniferous. Of 
much more force is the fact that the clastics of the Punjabian, and the 
tillites of eastern Australia as well, go unbroken upward into abundantly 
fossiliferous formations ; it follows, therefore, that their age must be estab- 
lished on the basis of these younger faunas. In this respect it is the Salt 
Range faunas that help most. None of the Productus limestone, in the 
writer’s opinion, is older than late Middle Permian; accordingly, it fol- 
lows that the Punjabian with its basal tillite can not be older than late 
Lower Permian, with the probability at present strongest that the tillite 
falls into the lower part of the Middle Permian. On the other hand, on 
faunal grounds, the writer regards the whole of the Uralian (and possibly 
also a part of the Artinskian) of Russia as older than the Productus lime- 
stone, so it seems all the more certain that the Punjabian series falls into 
the early Middle Permian. Unfortunately, no tillites occur in European 
Russia. In any event, the Talchir tillite appears to the writer to be far 
younger than the “Upper Carboniferous,” to which it is referred by the 
Geological Survey of India. 


PERMIAN OF SOUTH CHINA 
GENERAL STATEMENT 


Because the great coal reserves of China are in the Permian formations, 
knowledge of this system has been much extended during the past fifteen 
years, thanks to the fine work of the Geological Survey of China. This 
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knowledge, in so far as it relates to South China, has recently been set forth 
by T. K. Huang.** 

What used to be called Carboniferous and Coal Measures turns out to 
be largely Permian, although Middle Carboniferous (Moscovian) and 
Lower Carboniferous (Dinantian) are also present. In South China, al- 
though all three divisions of the Permian are present, they are repre- 
sented only in part, for marked breaks occur at the top and the bottom 
of, and two smaller ones within, the Permian. The longest and finest 
marine development is in the Upper Permian; the Middle Permian is 
more or less paralic in facies; and the Lower Permian is least developed. 
The sea transgressed from south to north, and the faunal relations are with 
Tethys and the Pacific. The normal marine Tethyan warm-water faunas 
of southern China, as defined by Huang, may well serve as the standard for 
Permian correlation in eastern continental Asia. 

The Gigantopteris flora is widespread in North China, where it was 
originally regarded as of early Permian time. In this matter of correla- 
tion, the opinion of paleobotanists has varied widely, Schenck regarding 
this flora as of Carboniferous time, Zeiller as of Lower Triassic, and Halle 
and Yabe placing it originally in the Lower Permian. In the United 
States the flora occurs unmistakably in the Lower Permian and in close 
association with the fusulinid Schwagerina. In South China its occur- 
rence is clearly in the basal Upper Permian coal-bearing shales, and this 
now dates the North China occurrence more correctly. 

The Upper Permian of North China is wholly terrigenous, with land 
floras; whereas the Middle and Lower Permian are in the paralic phase, 
coal formations and land deposits interfingering with marine zones and 
fossils. The seaways are of the northern, or Nanshan, geosyncline, which 
during Lower Permian time connected with the Uralian geosyncline. 

A good review of the Upper Carboniferous and the Permian of Eur- 
Asia is given by Grabau. *” 


STRATIGRAPHIC SEQUENCE 


Lower Triassic and Break.—A break of long duration is indicated by the 
profound faunal change seen in the Triassic. This break and the one be- 
neath the Permian are the most important of the four disconformities 
connected with the Permian. 


Upper Permian.—Lopingian subsystem, 650-860 feet thick, with the 
Lyttonia fauna, includes the following formations: 


*T. K. Huang: The Permian formations of southern China, Geol. Surv. China, Mem., 
ser. A, no. 10 (1982). 
*7 A. W. Grabau: Permian of Mongolia, Nat. Hist. Central Asia, vol. 4 (1931). 


7 


PERMIAN OF SOUTH CHINA 29 


Changsing limestone, with Oldhamina and Lyttonia, 160-225 feet. 

Choutang marine series, with Lyttonia but no Oldhamina, 480-650 feet. 
The Luipakou formation is the land-facies equivalent, with workable 
coals (usually one meter, and rarely five meters, thick), and the Gigantop- 
teris flora, 480 feet. At about this horizon, in the Paoan shale, occurs 
Gastrioceras zitteli. 

Important land interval in southwestern China, with outpouring of 
Omeishan vesicular basalt flows, which show a usual thickness of 150-800 
feet, and rarely range up to 3250 feet. The Omeishan basalt is probably 
mainly of continental origin, although a small part of it may be marine. 
This break is said to be absent in the middle Yangtze Valley. 


Middle Permian.—Yangsinian subsystem, largely marine, is 1300+ 
feet thick. It includes the following formations: 

Maokou massive limestone and coal-bearing shale, 325 feet thick, with 
the Neoschwagerina fauna. Absent in southeastern China. Zones: above, 
Plicatifera minori; middle, Neoschwagerina craticulifera; below, Went- 
zelella timorica. 

Chihsia cherty limestone, with the Tetrapora fauna; 975 feet thick in 
central and southwestern China; 390 feet thick in southeastern China. 
Has from three to four faunal zones. Coal measures at base. 

Widespread disconformity, apparently of long duration, but not as long 
as the ones at the base and the top of the Permian. 


Lower Permian (= Uralian).—In the Chuanshanian subsystem, 160 
feet thick, is the Schwagerina princeps fauna, which goes no higher. In 
southeastern China, divisible into four zones, descending: (a) Pseudo- 
fusulina japonica (goes no higher), (b) P. vulgaris, (c) P. gregaria, and 
(d) P. ? (or Triticites?) simplex. In northern China the equivalent is 
the Taiyuan series, which has the same fusulinids. 

Disconformity and complete faunal break. Yunnan and Indo-China 
show, in addition, an angular unconformity, indicative of the Kunminian 
crustal movement, and there is one in southeastern China as well, as a re- 
sult of the Huainanian movement. 


Middle Carboniferous (= Muscovian).—At the base of the sequence 
lie beds of Middle Carboniferous age, the Penchi series of North China. 
FAUNAS AND SEAWAYS 


In the Upper Permian Lopingian fauna, the brachiopods are the most 
important element, with more than 100 species, among which those of 
Lyttonia (four) and Oldhamina (five, at the top of the series) are of 
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greatest stratigraphic value. Molluscs, including Gastrioceras, are not 
infrequently found, but play only a subordinate rdle. 

The Gigantopteris flora is represented in the coal fields of South China 
by Gigantopteris nicotianaefolia, Lobatannularia maxima, Cyclopteris 
trichomanoides, Neuropteris angustifolia, Neuropteridium polymorphum, 
Pecopteris arcuata, Cordaites principalis, and other forms. 

“Halle, who described Ting’s plant collection from eastern Yunnan, regards 
it as Upper Permian, an opinion which was also held by Ting. Since the finding 
of Gigantopteris with Anderssonoceras in the Fengtien Series of W. Kiangsi 
by C. C. Wang and with Gastrioceras zitteli in the T’aochung beds of S. Anhui 
by L. Hayasaki, geologists have come to the belief that the flora is of late Per- 
mian age. . . . The discovery of the Gigantopteris flora below the Old- 
hamina Limestone by the writer in 1930 and the more recent investigations in 
S. E. China by S. Chu have definitely proved that the Gigantopteris bed is 
simply the land facies equivalent of the Choutang Series which carries Lyttonia 
richthofeni.” * 


In Lopingian time (Upper Permian) the sea “re-advanced from the 
south into the southern Chinese basin, carrying with it the typical Indo- 
Pacific Lyttonia fauna” (Choutang formation), one that was also at home 
in the Himalayan geosyncline (Salt Range). On the coastal plains of the 
Luipakou formation grew the Gigantopteris flora, and as the sea was then 
oscillatory, paralic coals developed. Toward the end of Lopingian time, 
the sea bottom steadied, and the waters deposited the Changsing lime- 
stones, which have a luxuriant brachiopod fauna (Oldhamina) and no coal 
deposits. Finally, the sea withdrew completely throughout China. 

During Middle Permian, or Yangsinian, time, the sea gradually trans- 
gressed more and more, until it submerged most of southern China during 
the Chihsian epoch. Later, it shallowed and began a slow withdrawal dur- 
ing Maokou time, at the end of which “southern China witnessed the al- 
most complete withdrawal of the sea probably toward the south. Then 
land conditions prevailed in southeastern and southwestern China whilst 
volcanic eruption in Yunnan and adjoining districts became active, pour- 
ing out immense quantities of basaltic lavas on the newly formed plat- 
form of the Maokou Limestone.” *° 

The Maokou formation of late Middle Permian age has Neoschwagerina 
craticulifera, Doliolina lepida, D. schellwieni, D. verbeeki, and Sumatrina 


annae. Corals are few, with Wentzelella timorica and Waagenophyllum 


indicum. Of brachiopods, about 20 forms are described. The Maokou 
fauna is distinctly southern and shows decided connections with Indo- 
China, where it is endemic, and with the Malay Archipelago. 


%T. K. Huang: op. cit., p. 57-62. 
*®T. K. Huang: op. cit., p. 100. 
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LOWER PERMIAN 


Chuanshanian 


long Break 


MIDDLE CARBONIFEROUS 


PERMIAN OF CHINA 
SOUTH CHINA NORTH CHINA 
LOWER TRIASSIC TRIASSIC ; 
Break Break 
UPPER PERMIAN UPPER PERMIAN 
Lopingian Up. Shihhotse (terrigenous) 
Changhsing Is. Ginkgo zone 390° 
Choutang (Luipakeu terrestrial) Gigantopteris zone 520 
Break Break 
MIDDLE PERMIAN MIDDLE PERMIAN 
Yangsinian Lower Shihholse 550 
Maokou [s. Has Gigantopteris 
Shansi 210" 
Chihsia Maximum coal formations 
Break Break 


LOWER PERMIAN 
Taiyuan (paralic) 400 
Has Schwagerina and 
Pseudofusulina 
long Breeh 
MIDDLE CARBONIFEROUS 
Penchi (paralic).fusulina 


TABLE 4 


IlI—Butu. Grou. Soc. Am., Vou. 46, 1935 
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The Chihsia fauna of early Middle Permian time is largely one of corals, 
including 82 forms in 16 genera, with at least 30 characteristic species ; 
the genera, Tetrapora, Polythecalis, and Allotropiophyllum, are restricted 
to this formation. Of brachiopods, 23 species are described, and of these, 
9 are productids. Orthotichia morganiana is present. The fusulinids need 
reworking, but are known to include Doliolina claudae. The Chihsia fauna 
has its own characteristics, being endemic, with Pacific migrants, and its 
nearest relations are with Sumatra and Timor. 

In early Permian, or Chuanshanian, time (—Uralian), the sea trans- 
gressed widely over southern China. Toward the close of this epoch it 
“temporarily but almost completely withdrew from the southern Chinese 
basin so that South China was laid bare and became a land of erosion.” *° 

According to Huang, the Middle and the Upper Permian of South 
China find equivalents in North China in the Shihhotse and the Shansi 
series, as shown in Table 4. 


PERMIAN OF EASTERN AUSTRALIA 
GENERAL STATEMENT 


All the marine Permian of eastern Australia, although a thick series 
of clastics, pyroclastics, and lava flows (11,300 to 15,500 feet), is appar- 
ently of Middle Permian time. It is distinguished by cold-water faunas. 
Below the tillites or their equivalents, the marine boulder beds, there is a 
great break, followed below by the Lower Carboniferous (Kuttung, with 
Culm plants) ; the Upper Permian is entirely of terrestrial character, with 
land life only. Accordingly, the Australian Permian in the marine facies 
is one of the most imperfect sequences, but is, nevertheless, interesting, not 
only for its widespread basal tillites and its marine boulder beds, which 
occur throughout the Marine Series, but, likewise, for its development 
of the cold-water Permian, which is the most varied and the longest 
known. Australia remains the standard of comparison for the austral 
marine aspect of the system, which endured throughout Middle Permian 
time. 

As the Glossopteris flora in its earliest development is bound up with 
the tillites and the younger cold-water clastics of the Middle Permian in 
Australia and Tasmania and in northern India, it apparently follows that 
this flora is unknown before Middle Permian time. On the other hand, 
there is nothing in the great development of this flora in the terrestrial 
deposits of peninsular India, or in the scattered representatives in Eur- 
Asia, to gainsay the assumption that the Glossopteris flora is absent every- 
where in the Lower Permian. 


T,. K. Huang: op. cit., p. 96. 
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It is not necessary again to present the detail of the Permian of eastern 
Australia, for this was done by the writer in 1928. ** That paper, however, 
led to a considerable correction by David and Siissmilch,** and to replies 
by Schuchert ** and Miller.** In addition, David’s explanation of the 
geological map of Australia ** has appeared. The emendations made in 
these various papers are noted in the following synopsis. 

The Permian (Kamilaroi system) of eastern Australia, and more espe- 
cially of the Hunter River district, is the type area for the cold-water 
faunas of this period. The faunal similarity throughout the “Marine 
Series” of Australia, and the nature of its Glossopteris flora, appear to 
show that not much of Permian time is represented. Probably the Lochin- 
var series and the Lower and the Upper Marine series, including between 
11,300 and 15,500 feet of clastics, volcanics, tuffs, and glacial débris, are 
the equivalents in time of the Agglomeratic slates and tuffs “several thou- 
sands” of feet thick (which have the Australian fauna) and the 5000 feet 
of Panjal traps of Kashmir, plus the succeeding break. The Australian 
cold-water assemblage recurs, in part, in the Punjabian clastics and tillite 
(384-700 feet thick) of the Salt Range of northwestern India, and as these 
latter deposits ascend unbroken into the Productus limestone, which is 
correlated by most stratigraphers with the Upper Permian, it follows that 
the Punjabian deposits, those of Kashmir, and the eastern Australia for- 
mations as well, represent, in all probability, not more than Middle Per- 
mian time. If the Lower Productus limestone is correlated with the late 
Middle Permian, then the formations mentioned above fail into the earlier 
Middle Permian, the most probable age; accordingly, they hold the time 
of the Artinsk of European Russia and of the Leonard formation of 


Texas. 
STRATIGRAPHIC SEQUENCE 


Upper Triassic.—The Upper Triassic was preceded by a long erosion 
interval. 


Late Upper Permian.—The Late Upper Permian is made up of ter- 
restrial deposits, These are followed by a long break, with much erosion. 
It was a time of wide-spread epeirogenic movement.*® 


“1 Charles Schuchert : Review of the late Paleozoic formations and faunas, with special 
reference to the ice-age of Middle Permian time, Geol. Soc. Am., Bull., vol. 39 (1928) 
p. 769-886. 

4T, W. E. David and C. A. Siissmilch: Upper Paleozoic glaciations of Australia, Geol. 
Soc. Am., Bull., vol. 42 (1931) p. 481-522. 

4 Charles Schuchert : The Australian late Paleozoic glaciations, Am. Jour. Sci., 5th ser., 
vol. 23 (1982) p. 540-548. 

“ A. K. Miller: Metalegoceras jacksoni of the Irwin River coal field, Western Australia, 
Am. Jour. Sci., 5th ser., vol. 24 (1932) p. 483-442. 

“#7, W. E. David: Explanatory notes to accompany a new geological map of the Com- 
monwealth of Australia. Sydney (1932) p. 58-70. 

«#“T,. W. E. David: op. cit., p. 66. 
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Late Middle Permian.—The “Upper Marine series” consists of mud- 
stones and sandstones with dropped glacial erratics ; the whole, 3400-6400 
feet thick. It was a time of marked volcanic activity. The fauna is not 
large. Correlated with the Middle Permian by David and Siissmilch, it 
has the following subdivisions : 

Mulbring stage.—Tuffaceous shales, 1500-3000 feet thick. Scattered 
glacial erratics in the lower part. Significant fossils: Zurydesma cor- 
datum and Maeonia carinata. 

Muree stage.—Sandstones with a marine boulder bed of glacial erratics 
dropped from floating icebergs (Bolwarra conglomerate), some of the 
rocks over a ton in weight. Thickness, 400 feet. The upper part of the 
third glacial horizon. Strophalosia clarkei abundant. 

Branxton series.—A transgressive series of clastics with many dropped 
glacial erratics (up to five tons) in the higher beds. The series represents 
the lower part of the third glacial horizon. Thickness, 1500-3000 feet. 
Conularia inornata present. 

Short break. 


Middle Permian.—The Greta, or Lower, Coal Measures, are terrestrial 
strata, 100-300 feet thick, with 1700 feet of interbedded basic lava, ag- 
glomerate, and tuffs in places. Gangamopteris is more common than 
Glossopteris. These coal measures are referred by David and Siissmilch 
to the base of the Middle Permian, and are followed by a short break. 


Early Middle Permian.—The Lower Marine series, correlated by David 
and Siissmilch with the Lower Permian, has a thickness of 1700-2200 feet. 
It has the following subdivisions : 

Farley and Rutherford stages, 1500-2000 feet. 

Annandale conglomerates, with dropped glacial erratics, 200 feet. The 
second glacial stage. Hurydesma makes shell banks. Considered by David 
and Siissmilch to be the basal bed of the Permian. 

That the “Marine Series” is of Middle Permian time is supported by 
the occurrence in Western Australia (Irwin River district) of the ammo- 
nite, Metalegoceras jacksoni. Miller ** has restudied this species in speci- 
mens furnished by David, and finds that its state of evolution agrees with 
that of Permian forms found in Timor, in the Artinsk of Russia, and in 
the Leonard of Texas. He concludes that the Australian species “is most 
probably Middle Permian” in age. 

A short break, indicated by a considerable transgression, follows. 

The thickness of the Lochinvar marine series is 2700 feet. The scat- 


# A. K. Miller: op cit 
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tered fossils are all of the Lower Marine fauna. David correlates the 
series with the Uralian, but refers both to the Upper Carboniferous. It 
has the following subdivisions: 

Harpers Hill clayey sandstones, 100 feet thick, with many fossils, among 
them Conularia laevigata. 

Tuffaceous mudstones, 600 feet thick, with dropped glaciated erratics. 

Shaly mudstones, with the first Gangamopteris, and with rare marine 
fossils. 

Tuffaceous mudstones, 600 feet. 

Limestones with many Lower Marine fossils. 

Tuffaceous mudstones, 150 feet, and basalt sheet, 650 feet. 

Sandstones with poor plant fragments and a few marine fossils, 300 
feet. 

Thin zone with rare Hurydesma hobartense. 

Lochinvar glacial beds, 300 feet thick. Transgressive strata of brown to 
purplish shales with numerous dropped glaciated erratics. Actual tillites 
do not occur at Lochinvar, but they are plentiful farther south in Tas- 
mania, South Australia (Inman Valley glacial beds, 1000 feet thick), 
Victoria (Bacchus Marsh glacial beds, up to 1600 feet thick), and south- 
eastern New South Wales. The continental ice sheet moved from south to 
north. Icebergs derived from highland glaciers carried glaciated material 
as far north as Bowen River in Queensland. 

Long break and erosion interval—No angular unconformity. In the 
writer’s opinion, all of the Lower Permian equivalents (Uralian) and all of 
the American Upper Carboniferous are absent in Australia. 


Lower Carboniferous——The Kuttung system (Culm) has a thickness of 
9600 feet. In the upper part of these terrestrial deposits occurs the 
record of another, but much older, glacial episode that the writer in 1928 
erroneously attributed to the Permian. At the top of the Kuttung is the 
main glacial stage, with the Rhacopteris flora, the beds having a thickness 
of 4700 feet. 


PERMIAN OF THE SOUTHERN MID-CONTINENT REGION OF THE 
UNITED STATES 


COMPLETENESS OF THE RECORD 


The Mid-Continent Permian of the United States compares readily 
with the standard Permian of the Urals of Russia, especially if, to the 
Permian of Murchison, one adds the Uralian, which the writer and others 
believe belongs to the Permian, and the Artinskian, which has long been 
referred to that period. However, inasmuch as the Russian succession and 
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all the other known Permian sequences of the Old World have incomplete 
marine records, whereas the American Mid-Continent area presents an 
almost unbroken 7000-foot section of marine fossiliferous Permian, rest- 
ing on an equally complete record of the Pennsylvanian, the latter region 
should be accepted as a second standard in international correlation. It 
can be said in all truthfulness that the states of Texas, Oklahoma, and 
Kansas have the longest, thickest, and least broken stratigraphic and or- 
ganic sequence of the Upper Carboniferous and Permian in the world. 

As the American sequence was presented in detail in the writer’s paper 
of 1928, it need not be repeated here. 


PALEOGEOGRAPHY 


During late Pennsylvanian and Permian times, a sea, coming from the 
area of the present Gulf of Mexico, transgressed widely across northern 
Central America and entered the Mexican geosyncline, which trended 
northwest across medial Mexico into the Cordilleran region of New Mexico 
and eastern Arizona. From this southwestern area the seas of earliest 
Permian time (Wolfcamp) extended east and northeast into Texas, Okla- 
homa, Kansas, and Nebraska (Pl. 1, map 1). 

The extent of this sea continued almost unchanged into early Middle 
Permian (Leonard) time, and then the basin began to enlarge toward the 
northwest. At this stage it had a width of at least 700 miles from east 
to west, and a length of 600 miles, thus covering not less than 400,000 
square miles. The waters continued across Colorado, Wyoming, Idaho, 
Utah, and Nevada, and finally united with the Californian sea that opened 
into the Pacific Ocean. In the meantime, the Arctic Ocean had spread 
widely across Alaska, the Yukon, and British Columbia, but this sea did 
not as yet unite with the southern one. 

In late Middle Permian time (Word-Phosphoria) occurred the widest 
extension of the Cordilleran sea, uniting the waters of the Arctic and the 
Pacific oceans with those of the Gulf region and the Atlantic. This was 
one of the great floods of Paleozoic time, covering about one fourth of 
North America (Pl. 1, map 2). While this Cordilleran spreading was 
going on, however, the southern basin began to shrink in the east, uncov- 
ering Nebraska, eastern Kansas, and Oklahoma, and leaving in the wake 
of the sea widespread red beds and more local anhydrite deposits. 

Finally, early in Upper Permian time, the Cordilleran sea vanished 
entirely from North America, except in the south, where the waters were 
restricted, in the main, to New Mexico, Texas, Chihuahua, and the Mexi- 
can geosyncline—an areal extent of something like 200,000 square miles. 
At the end, there was left a vast dead sea which deposited enormous quan- 
tities of various kinds of salts and red beds in southeastern New Mexico 
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and western Texas (Pl. 1, map 3). Before the close of Permian time all 
of the oceanic waters had left the continent. 

While the three oceans were invading North America, apparently no 
mountain-making was going on in the west, only warping. The Appalach- 
ian region in the far east, however, was rising during most of Permian 
time into highlands three or four miles high, and similar mountains were 
rising in Arkansas and Oklahoma. . 


GUIDE FOSSILS 


In America the fusulines, Schwagerina and Pseudofusulina, mark the 
lower part of the Permian ; Parafusulina and Pseudofusulina, the middle ; 
and Polydiexodina, the upper. Dunbar ** has now well in hand a study 
of these large protozoans, and will publish his conclusions within the next 
few years. The evidence of the fusulines is fully supported by the evolu- 
tionary sequence and the time duration of the American Pennsylvanian 
and Permian ammonites of the Mid-Continent area, as will be shown in a 
forthcoming monograph by F. B. Plummer and Gayle Scott, and in other 
studies by A. K. Miller *® on the Permian ammonites of Sicily, Mexico, 


and the United States. 


PERMIAN OF TRANS-PECOS TEXAS 

Growth of knowledge—The present recognition that the trans-Pecos 
region has the world’s finest development of the Permian began with the 
publication in 1908 of Girty’s monograph on the Guadalupian fauna,®° 
one of the classic works on the Permian. This work established more 
especially the Upper Permian, but as yet no place was known where these 
formations could be clearly related to the accepted Lower Permian. This 
desideratum came in 1916, when Udden, Baker, and Bése ™ published 
their epochal work on the Glass Mountains of western Texas. The next 
step, the making of geological maps and the collecting and describing of 
the successive faunas, was accomplished through the enthusiasm of Philip 
and Robert King,®? whose important results were published in two memoirs 


#C. O. Dunbar and G. E. Condra: The Fusulinidae of the P yl i yst in 


Nebraska, Nebr. Geol. Surv., Bull. 2, 2d ser. (1927). C.O. Dunbar and J. Skinner: New 
fusulinid genera from the Permian of West Texas, Am. Jour. Sci., 5th ser., vol, 22 (1931) 
p. 252-268. C. O. Dunbar in J. A. Cushman: Foraminifera, their classification and eco- 


nomic use, 2d ed. (1933) p. 126-140. 

# A. K. Miller: Age of the Permian limestones of Sicily, Am. Jour. Sci., 5th ser., vol. 
26 (1938) p. 409-427. 

% G. H. Girty : The Guadalupian fauna, U. 8. Geol. Surv., Prof. Pap. 58 (1908). 

51 J, A. Udden, C. L. Baker, and E. Bése: Review of the geology of Texas, Univ. Texas, 
Bull. 44 (1916). 

8 Pp, B. King: Geology of the Glass Mountains, Part 1, Descriptive geology, Univ. Texas, 
Bull. 3038, 1930 (1931) ; R. E. King: Geology of the Glass Mountains, Part 2, Faunal 
summary and description of the Brachiopoda, Ibid., Bull. 8042, 1930 (19381). 
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in 1931. As a result of all these works, it is now established that almost 
the entire Permian is present in the Glass Mountains, in a series of strata 
about 7000 feet thick. The Upper Permian is not as fossiliferous here as 
it is in the Guadalupe Mountains farther northwest, but the Lower and 
the Middle Permian are richer in fossils than elsewhere. 


Facies.—The Permian of West Texas, in addition to being so nearly 
complete, has the added advantage to the geologist of being in a region 
where aridity is marked, with rock exposures nearly continuous as a result, 
and where structure is comparatively simple. It is, also, especially inter- 
esting because of its marked changes in facies. The seas, being of warm 
water, laid down vast local amounts of limestone, much of which was of 
comparatively rapid accumulation, being built into reefs (bioherms) by 
algae, sponges, fusulines, crinoids, and other shelled invertebrates. To 
the southeast lay the high land of Llanoria, shedding into the Permian 
sea much mud and sand. The resultant clastic formations impinge upon, 
and lie between, the upstanding bioherms. The varying facies are seen 
to best advantage in the Sierra Diablo, south of the Guadalupe Mountains ; 
here, and elsewhere, siliceous shales which have mainly Radiolaria and 
sponge spicules are interbedded with granular limestones yielding brachio- 
pods, bryozoans, and crinoidal fragments. The reef limestones are now 
more or less dolomitized, with the fossils obliterated ; where other facies 
interfinger, these have faunas that vary much from place to place. 

Finally, at the northwest, where the marine currents of the Mexican 
geosyncline were strongest, best aérated, and normally marine, the Upper 
Permian Capitan reef limestone grew so quickly and so persistently that 
it formed a submarine barrier, tens of miles long northeast and southwest, 
to the southeast of which formed a great dead sea, depositing enormous 
amounts of various kinds of salts. That the Capitan limestone was largely 
of algal growth has been shown by Lloyd and Thompson,®* Cartwright," 
Philip King,®® and others. 


Glass Mountains of West Texas.—The Permian sequence of the Glass 
Mountains is the most continuously exposed, and the most fossiliferous, 
of any in North America. For 150 miles to the northwest in Texas and 
north into New Mexico there are innumerable excellent exposures, but 
these are perhaps less fossiliferous and less easy to understand because of 
the facies conditions. 


58 E. R. Lloyd and W. C. Thompson: Correlation of Permian outcrops on eastern side 
of the west Teras basin, Am. Assoc. Petrol. Geol., Bull., vol. 13 (1929) p. 945-956. 

%L. D. Cartwright: Transverse section of Permian basin, west Texas and southeast 
New Mezico, Am. Assoc. Petrol. Geol., Bull., vol. 14 (1930) p. 969-981. 

SP. B. King: Limestone reefs in the Leonard and Hess formations of trans-Pecos 
Tevas, Am. Jour. Sci., 5th ser., vol. 24 (1932) p. 337-354. 
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PERMIANor WEST TEXAS 
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The Glass Mountains are a part of the Marathon uplift of southwestern 
Texas; they lie a short distance to the east of the Cordillera of western 
North America. Structurally, these monoclinal mountains consist partly 
of Pennsylvanian, but mainly of Permian, formations, sloping 1°-20° to 
the northwest. They strike northeast, facing southeast in a stepped scarp ; 
they have a length along their strike of between 30 and 40 miles and a 
width of from 12 to 15 miles. 

The brachiopods of the Permian of the Glass Mountains have been 
fully described by R. E. King.5* Of the 185 forms he describes, 25 have 
descended from American Pennsylvanian species, 158 are restricted to the 
Permian, and less than a dozen range throughout the period. Geyerella, 
Scacchinella, Aulosteges, the Richthofeniidae, and the Lyttoniidae are 
typical Permian genera and stocks. 

From younger to older, the sequence of strata is, briefly, as follows: 


? UPPER PERMIAN 


Bissett conglomerate.—About 750 feet thick. The only fossils are land plants 
which White regards as probably of late Permian time. 
Marked unconformity.—Due to uplift, tilting, and erosion. 


UPPER PERMIAN 


Capitan formation.—Typically developed in the Guadalupe Mountains. A 
complex of calcareous deposits: reef limestones (Vidrio, 1400 feet), thin-bedded 
limestones (Gilliam, 500 feet), massive dolomites, possibly of reef origin 
(Tessey, 900 feet), or interbedded sandy and shaly strata (Altuda). The 
Capitan is continuous with the Word below, and has a thickness of about 2800 
feet. 

As so much of these terminal Permian deposits is dolomite, fossils are 
scarce. The common ones in the Gilliam member are of the fusulinid genus 
Polydierodina. The faunas of this time are better known in the Guadalupe 
Mountains farther west in Texas (Table 5). 


MIDDLE PERMIAN 


Word formation.—Thickness, about 1500 feet. The Word lies beneath the 
Capitan and above the Leonard, and the three are conformable with one another. 
The Word is characterized by the ammonite, Waagenoceras. About 500 feet 
above the base is a bed rich in W. dieneri, Stacheoceras, Paraceltites, Medli- 
cottia burckhardti, Gastrioceras, Agathiceras, and Adrianites. 

Leonard formation.—Aggregate thickness, around 2000 feet. Like the Wolf- 
camp below, the Leonard is a transgressive formation, separated by a break of 
short duration from the beds beneath. It is now known to include the Hess, 
which was originally defined as an older formation; the faunal differences are 


% R. E. King: op. cit. 
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seen to be due to a change in facies.” The formation is characterized by Per- 
rinites vidriensis. Of brachiopods, it has 87 species, of which 32 are restricted 
to this formation, 2 are from the Pennsylvanian, and 39 go on into the Word. 
The gastropod, Omphalotrochus, is present in large species ranging up to three 
inches. Of fusulinids, Parafusulina and Pseudofusulina are common. 

Short erosional unconformity. 


LOWER PERMIAN 

Wolfcamp formation (base of Permian) —Thickness of the formation as now 
restricted, about 550 feet. No reef limestones formed during Wolfcamp time. 
The formation rests with an angular unconformity on the late Pennsylvanian. 
It has 45 species of brachiopods, 26 of which come from the Pennsylvanian, 16 
go higher, and 6 are restricted to the formation itself. Near the top are found 
the ammonites, Perrinites and Prothalassoceras welleri. Schwagerina kansas- 
ensis f is found 45 feet above the base. A zone, 19 feet thick, coming in 165 feet 
higher, contains many of the brachiopods. Schwagerina uddeni and SBS. cfr. 
fusulinoides are found 37 feet above the brachiopod zone. 

Marathon orogeny.—In the trans-Pecos region only, the Permian is separated 
from the Pennsylvanian by a major unconformity, the result of the Marathon 
orogeny. The folding was intense, and culminated in thrusting which pushed 
the sheets forward many miles. This orogeny began late in the Pennsylvanian 
(Gaptank time), and most of the movement had ceased before the earliest 
Permian sea transgressed the eroded folds of the Marathon mountains. 


PENNSYLVANIAN 


In the Marathon basin, most of the Pennsylvanian (Bendian? to well up in 
the Cisco group) is present in from 8000 to 10,000 feet of clastic and limestone 
strata, all intensely folded and overthrust, with the trend of the strike north- 
east-southwest. The topmost formation is the Gaptank, which correlates with 
the Strawn, the Canyon, and a part of the Cisco groups. The Gaptank 
does not have the youngest Pennsylvanian strata, however, for from 450 to 650 
feet of still younger Upper Carboniferous is known in central Texas and in 


Kansas (Table 6). 

The Permian of the Glass Mountains, as originally defined, included at 
the bottom, in the Wolfcamp formation, about 100 feet of shale with the 
characteristic ammonite, Uddenites. These latter strata are now known 
to lie beneath an unconformity not clearly to be seen at Wolfcamp but visi- 
ble a few miles away. That the beds holding the Uddenites fauna are not 
a part of the true Wolfcamp, and thus of the Permian, is now evidenced on 
both stratigraphic and paleontologic grounds by their occurrence in the 
Pennsylvanian of north-central Texas. According to Plummer,** the 
ammonites of the Uddenites zone are in every way specifically identical 
with those of the lower Cisco group (Graham formation) of the Penn- 
sylvanian. 


sp, B. King: Limestone reefs in the Leonard and Hess formations of trans-Pecos 
Tewvas, Am. Jour. Sci., 5th ser., vol. 24 (1932) p. 387-354. 
8F, B. Plummer: Personal communication, April 26, 1933. 
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EASTERN MARGINAL SEAS OF PERMIAN TIME 


The long section of marine Permian in trans-Pecos Texas was laid down 
in the central portion of the invading seas. The seas in central Texas, 
Oklahoma, and Kansas, however, overlapped to the south and southeast on 
ancient Llanoria, and in the northeast on Ozarkia. From these lands, and 
especially from the rivers heading in the highlands of Appalachia, came 
the sediments that now lie compacted into almost horizontal formations in 
these states. The climate was normally semi-arid, and the land was re- 
peatedly, and variably, transgressed by the sea, causing the eastern streams 
to build their flood plains westward, and thus to increase the land areas. 
The seas were more or less brackish, filling up rapidly with finer clastics, 
which formed wide deltas that finally were above sea level more often than 
they were submerged. Consequently, the formations laid down here are 
usually of a paralic facies, marine beds being interspersed with land de- 
posits yielding floras and vertebrate faunas. 

The stratigraphic sequence for this eastern marginal area is given in 
Table 6. Descriptive accounts are to be found in published papers by 
Schuchert,** by Moore and Haynes ® (for Kansas), by Condra and Upp * 
(for Nebraska), and by Plummer and Moore, and Sellards, Adkins, and 
Plummer * (for Texas). 


FAUNAL BOUNDARY BETWEEN PERMIAN AND PENNSYLVANIAN 


Kansas.—The older Permian marine limestones of the Big Blue series 
are, in places, very fossiliferous, and some of the shales are “literally 
crowded with excellently preserved fossil shells.” The fauna of this Lower 
Permian is an outgrowth of that of the latest Pennsylvanian of the region. 

This change may be illustrated in one class of organisms. Dunbar and 
Condra,™ in revising the Pennsylvanian brachiopods of Nebraska and 
Kansas, found that there are 122 species below the Americus limestone, 
which the writer places at the base of the Permian. Of these, 35 forms 
range throughout the Pennsylvanian, but more than half of the species 
are restricted to the upper part of this system ; 28 forms pass into the early 


5° Charles Schuchert : Review of the late Paleozoic formations and faunas, with special 
reference to the ice-age of Middle Permian time, Geol. Soc. Am., Bull., vol. 39 (1928) p. 
769-886. 

© R. C. Moore and W. P. Haynes: Oil and gas resources of Kansas, Kans. Geol. Surv., 
Bull. 3 (1917). 

«. G. E. Condra and J. E. Upp: Correlation of the Big Blue series in Nebraska, Nebr. 
Geol. Surv., Bull. 6, 2d ser. (1931). 

«© F. B. Plummer and R. C. Moore: Stratigraphy of the Pennsylvanian formations of 
north central Texas, Univ. Texas, Bull. 2182 (1921). 

®E. H. Sellards, W. S. Adkins, and F. B. Plummer: Geology of Texas, Univ. Texas, 
Bull. 3232 (19383). 

“C. O. Dunbar and G. E. Condra: Brachiopoda of the Pennsylvanian system in Ne- 
braska, Nebr. Geol. Surv., Bull. 5, 2d ser. (1932). 
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PERMIAN of KANSAS,OKLAHOMA anol EXAS 
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Permian, and of these 22 are long-ranging species (12 of the latter are also 
known in the Wolfcamp of the West Texas Permian). 

In view of this gradual faunal transition from the Pennsylvanian into 
the Permian of Kansas, unmarked by evidence of physical change, the 
line of division will have to be decided by a commission. 

The basal formation of the Big Blue series is the Council Grove. The 
Cottonwood limestone at the base of the Council Grove, and just above the 
Wabaunsee group, has Psendofusulina emaciata. This genus is not known 
to occur outside of the Permian as here defined. For many years the Cot- 
tonwood limestone has generally been regarded as the base of the American 
Permian, but now it is known that Pseudofusulina, and Schwagerina as 
well, occur in still older strata. 

A marked faunal change occurs at the base of the Elmdale member of the 
Wabaunsee group, and here is found an abundance of Triticites ventri- 
cosus (a high Pennsylvanian fusuline) and Pseudofusulina longissimoidea. 
The overlying Neva limestone, on the other hand, has Schwagerina kan- 
sasensis, Meekella mexicana, and other fossils suggesting basal Wolfcamp. 
Beede placed these two horizons at the base of the Permian, but the 
boundary line in the present paper is drawn at the base of the slightly older, 
Americus limestone. At this horizon also, it is true, there is no break in 
sedimentation or other physical evidence helping to distinguish Pennsyl- 
vanian from Permian, and the boundary is drawn where the earliest Per- 
mian heralders appear. 

After the above was written, Moore and Moss * directed attention to a 
marked erosional disconformity beneath the Admire shale of Kansas; ac- 
cordingly, they wish to draw the Pennsylvanian-Permian boundary at the 
top of the Wabaunsee series (uppermost Pennsylvanian) and below the Big 
Blue series (Lower Permian). These authors say: “Pseudofusulina first 
appears about 100 feet above the break, Schwagerina about 230 feet, and 
Callipteris conferata about 125 feet. Finally, the disconformity separates 
what appear to be markedly different types of cyclic sedimentation se- 
quences.” 


Texas.—The youngest group of the Pennsylvanian in north-central 
Texas is the lower Cisco (Table 6). This group, as here delimited by the 
writer, embraces, from below upward, only the Graham, the Thrifty, and 
the Harpersville formations, the remainder now being referred to the 
Permian. At the top of the Harpersville is the Saddle Creek limestone 
member, which some geologists correlate with the Neva limestone of Kan- 
sas, although no Schwagerina has been found in the former in Texas. Sel- 


& R. C. Moore and R. G. Moss: Pennsylvanian-Permian boundary in the northern Mid- 
Continent area, Geol. Soc. Am., Pr., 1933 (1934) p. 100. 
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lards® includes the Pueblo formation (which in Table 6 is placed at the 
base of the Permian) in the Cisco above the Harpersville of the Pennsyl- 
vanian, and draws the boundary line between the Pueblo and the next 
younger formation, the Moran; whereas, the writer draws it beneath the 
Pueblo and above the Harpersville. Schwagerina occurs abundantly in the 
Moran formation, about 70 feet beneath the base of the Sedwick limestone. 
It is this evidence that leads the Texas Survey to regard the Moran forma- 
tion as the base of the Permian in that State. 

There is, however, another faunal aspect bearing on this boundary line, 
and that is in connection with the ammonites. Plummer, in a letter to the 
writer, mentioned above, says that he has a large faunule of these fossils 
from the very base of the Wichita group, and among them are true Med- 
licottia of the genus Artinskia. These are more primitive in development 
than those of the lower Artinsk of Russia and, therefore, are older than 
the Russian assemblage. Some of the forms are similar to, although not 
exactly identical with, species in the “Wolfcamp” (= Pennsylvanian) of 
the Glass Mountains. “I think,” Plummer says, “there is no question but 
that the Upper Wolfcamp and the basal Wichita are definitely Permian.” 
On the basis of the Glass Mountains boundary between Pennsylvanian and 
Permian, Plummer thinks the line in north-central Texas, “would pass 
through at about the top of the Thrifty formation and the base of the 
Harpersville.” As stated above, however, the writer draws this systemic 
boundary at the top of the Harpersville, some 240 feet higher; this, be- 
cause the Saddle Creek limestone member has been correlated with the 
Neva limestone member at the base of the lower Big Blue series. 


POSTSCRIPT 


In an excellent paper by Philip B. King, which appeared after the above 
was in press,®’ the base of the Permian in central Texas is placed at the 
top of the Pueblo formation and at the base of the Moran; in Kansas, 
at the base of the Americus limestone of the Wabaunsee; in the Glass 
Mountains, at the top of the Uddenites zone of the Pennsylvanian; and 
in the Hueco Mountains of West Texas, at the base of the transgressive 
Hueco limestone (as delimited by King) and above the marked orogenic 
unconformity at the top of the Magdalena limestone. 

The time of transition from Pennsylvanian to Permian was one of ad- 
vancing and retreating seas, changes from a moist to a drier climate, with 
resulting marked changes from late Pennsylvanian to Permian types in the 
life of the sea and the land, especially among the fusulines, the ammonites, 
the reptiles, and the plants. 


 Sellards, Adkins, and Plummer: op. cit. 
op, B. King: Permian stratigraphy of trans-Pecos Texas, Geol. Soc. Am., Bull., vol. 45 
(1934) p. 697-798. 
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INTRODUCTION 


The Blue Ridge-Catoctin anticlinorium extends for more than 300 
miles across the State of Virginia, from the Potomac River to the North 
Carolina and Tennessee lines (Fig. 1). In northern and central Vir- 
ginia it includes the Blue Ridge proper, which forms its northwestern 
border, and part of the Piedmont region of foothills, which lies south- 
east of the Blue Ridge crest. In Southwest Virginia, as the area south- 
west of Roanoke is often termed, the crest of the Blue Ridge does not 
follow the northwestern front of the anticlinorium but runs diagonal to 
it, in a direction a little west of south, to the North Carolina border. Be- 
tween the Blue Ridge crest and the northwestern border of the anti- 
clinorium, which is here formed by the Iron and the Unaka mountains, 
is an upland plateau 20 miles wide, above which the highest mountains in 


Virginia rise as monadnocks. 


PRE-CAMBRIAN ROCKS OF THE ANTICLINORIUM 
GENERAL STATEMENT 


Hypersthene granodiorite and other pre-Cambrian igneous rocks occupy 
a large area in this structural belt. The oldest known rock of the anti- 


* Manuscript received by the Secretary of the Society, March 22, 1934. 
¢ Published by permission of the State Geologist of Virginia. 
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clinorium is the Lynchburg gneiss, a mica schist and mica gneiss of sedi- 
mentary origin, widely exposed southwest of Lynchburg in the Lynchburg 
anticline. The igneous rocks of the anticlinorium, which are all younger 
than the Lynchburg gneiss, are, in order of age, beginning with the oldest: 
Lovingston granite gneiss (biotite-quartz monzonite), hypersthene grano- 
diorite, Marshall granite, and Air Point granite (here named from Air 
Point on Bent Mountain, Roanoke County, where it is well exposed in 
roadcuts). In Southwest Virginia, the igneous rocks include diorite and 
Grayson granite (which are considered the equivalent of the granodiorite), 
a biotite granite here named the Point Lookout granite from its occur- 
rence in Point Lookout Mountain in Grayson County, Virginia, and Air 
Point granite. Metabasalt and rhyolite flows, younger than the intrusives, 
overlie these rocks. Gabbro and its ultra-basic differentiates occupy a 
small area on the eastern side of the anticlinorium; their age relations to 
the other igneous rocks is obscure. They may be equivalent to the horn- 
blende gneiss intruded into the Lynchburg gneiss. 


DISTRIBUTION OF GRANODIORITE 


Hypersthene granodiorite lies on the northwestern side of the anti- 
clinorium, and with some interruption extends from near Front Royal 
southwestward to the southern border of Virginia, a distance of 260 
miles. 

Watson,’ in describing its distribution in Virginia, mentioned that it 
extends as far south as Floyd County, but recent work in Southwest 
Virginia extended its area to North Carolina. 

The hypersthene granodiorite may be separated into three main belts 
(Fig. 1) whose location and extent are the result of the original locus 
of intrusion, modified by later folding and thrust faulting that has taken 
place in the anticlinorium. 

The northern ? belt lies in northern Virginia, largely in the area of 
the Shenandoah National Park north of Rockfish Gap. In the northern 
belt, metabasalt forms most of the Blue Ridge crest, where it caps the 
granodiorite which appears in lower mountains to the east and west. The 
granodiorite of this area and the accompanying igneous rocks are de- 
scribed by A. S. Furcron * in a paper on the igneous rocks of the Shenan- 
doah National Park area. 


1T. L. Watson and J. H. Cline: Hypersthene syenite and related rocks of the Blue 
Ridge region, Va., Geol Soc. Am., Bull., vol. 27 (1916) p. 198. 

2In Figure 1, a part of the northern belt of granodiorite is omitted. 

%A.8. Furcron: Igneous rocks of the Shenandoah National Park area, Jour. Geol., vol. 
42, no. 4 (1984) p. 404-405. 
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South of Rockfish Gap in Nelson, Amherst, and Bedford counties, in the 
central belt, the metabasalt had been more extensively eroded from the 
granodiorite before Cambrian time, and granodiorite and overlying basal 
Cambrian sedimentary rocks form the Blue Ridge crest. In the vicinity 
of Tye and Piney rivers, granodiorite occupies a belt 12 miles wide across 
the strike. Its resistance to weathering causes it to form many high peaks 
in the Blue Ridge, the Pinacle (3514 feet), Mount Pleasant (4099 feet), 
the Priest (4080 feet), and the Twin Peaks of Otter (4001 feet), perhaps 
the most beautiful mountains in Virginia. 

In Southwest Virginia, in the third belt, granodiorite forms the crest 
of the Blue Ridge at Bent Mountain and extends southwestward away 
from the crest in a narrow band across Floyd and Carroll counties. It 
widens in Grayson County, where it is called Grayson granite, and under- 
lies the northwestern part of the Blue Ridge Plateau, northeast and north- 
west of Point Lookout Mountain and southeast of the Iron and the Unaka 
mountains, which are made up of basal Cambrian quartzites that form 
the northwestern border of the anticlinorium. 


CHARACTER OF GRANODIORITE 


The granodiorite is, in general, a green to gray, medium- to coarse- 
grained massive rock with andesine or calcic oligoclase, potash feldspar, 
pyroxene, both hypersthene and augite, biotite, and quartz. In places 
it contains garnets. The feldspars, grayish green with a greasy luster, 
in some areas attain three inches in length. In part, the rock is massive 
with a granitic texture; elsewhere, it is distinctly foliated. Pitted 
weathering surface, due to the unequal resistance of constituents, is a 
marked characteristic of the massive variety. Watson * has described the 
rock in detail, calling it a quartz-bearing hypersthene syenite. Because 
of its quartz and plagioclase content it should be called a hypersthene 
granodiorite. 

ASSOCIATION WITH UNAKITE 

Along the western side of the granodiorite areas throughout Virginia 
the rock contains a varying amount of pink feldspar and secondary epi- 
dote. The pink feldspar may occur as irregularly distributed crystals 
or in bands in the dark granodiorite. Where pink feldspars, epidote, and 
blue quartz are the only constituents seen in the hand specimen, the rock 
has been called unakite, a name given by Bradley * from specimens seen 


*T. L. Watson and J. H. Cline: op. cit., p. 198-204. 
5F. H. Bradley: On unakite, an epidotic rock from the Unaka Range, on the borders 
of Tennessee and North Carolina, Am. Jour. Sci., 3d ser., vol. 7 (1874) p. 519-520. 
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in eastern Tennessee and North Carolina. It has been described by 
Phalen, Watson, and others.°® 

Watson ” stated that it was formed as a differentiation of the syenite 
magma, and that the secondary epidote is, in part, of hydrothermal origin. 
The writer considers that the unakite has been formed by hydrothermal 
change of the granodiorite after consolidation. 


GRANODIORITE AND UNAKITE EAST OF MONTEBELLO 


An excellent place for the study of the granodiorite and its alteration 
to unakite is along Highway 56, where it extends south across the grano- 
diorite area, from the valley at Vesuvius to Massies Mill, Nelson County, 
in the Piedmont foothills (Fig. 1). The attention of the writer was 
drawn to these fine exposures by G. W. Stose, who crossed them many 
years ago, before the present road was built. He noted the abundance 
of unakite in the granodiorite, and recognized its possible commercial 
value as an ornamental stone. Eastward from the valley, the road crosses, 
first, the front ridges of Erwin (Antietam) quartzite, and then passes up 
the mountain into the basal Cambrian Unicoi quartzite, which overlies 
unakite and granodiorite. Near the crest the Unicoi lies in a narrow 
syncline, east of the anticline of granodiorite and west of a wide area of 
granodiorite that extends from north of Tye River Gap southeastward 
for about 15 miles to Massies Mill and is well exposed for that distance 
in the gorge of the south fork of Tye River. South of Massies Mill the 
granodiorite is bordered by the Roseland area of pegmatite, which carries 
deposits of rutile, ilmenite, and apatite. 

In the anticlinal fold west of the syncline of Unicoi, near the Blue 
Ridge crest, unakite and pink and green granodiorite predominate in 
amount over the dark gray-green granodiorite. The dark granodiorite 
is well exposed, however, in fresh cuts near the center of the area. It 
contains abundant coarse green potash feldspars, up to three inches in 
length. On both sides the granodiorite grades into pink granodiorite 
and unakite. The change begins by a streaking of the dark feldspars 
with pink bands and the formation of pink feldspar in irregular areas. 
The rock, at the same time, becomes more epidotic until, in the hand 
specimen, it appears to be composed of pink feldspar, apple or dark green 


¢T, L. Watson: Granites of North Carolina, Jour. Geol., vol. 12 (1904) p. 395-398; 
Occurrence of unakite in a new locality in Virginia, Am. Jour. Sci., vol. 22 (1906) p. 
172-174. 

W. C. Phalen: A new occurrence of unakite, Smithsonian Misc. Coll., vol. 45 (1904) 
p. 306-310. 
Arthur Keith: Description of the Asheville quadrangle, Asheville Folio (No. 116), 
Geol. Atlas, U. S. Geol. Surv. (1904). 
77. L. Watson and J. H. Cline: op. cit., p. 222. 
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epidote, and blue quartz, without visible remains of other constituents. 
The original texture of the granodiorite, coarse or fine, is preserved except 
where replacement by epidote is extensive enough to destroy it. All stages 
of alteration can be found in a short distance from the dark granodiorite 
areas as far southwest as Montebello, two miles east of the Blue Ridge 
crest. Along the strike the dark granodiorite and its alterations extend 
southwestward across the James River, where they are well exposed in 
an anticline in the river gorge southeast of Balcony Falls. Through the 
area the types grade into each other in such a way that it is impossible 
to map any of them separately. 

Associated with altered granodiorite and unakite in the area, there is 
a pink intrusive rock, less calcic than the granodiorite, the Air Point 
granite. It occurs with the granodiorite on the western side of the belt, 
especially in Grayson County in Southwest Virginia. 

Southeast of Montebello the granodiorite contains dull gray feldspars ; 
it lacks the pink feldspars and abundant epidote and unakite character- 
istic of the western area. 

Thin sections of the coarse-grained granodiorite from west of Monte- 
bello show that the large gray-green feldspars are potash feldspars, many 
grains of which have the “plaid” twinning of microcline. They predom- 
inate in amount over the other constituents of the rock. They are char- 
acterized by the presence of numerous fine discs of plagioclase and quartz 
drops in parallel orientation and larger rods of plagioclase which intersect 
the smaller at an angle of 12° (PI. 2, fig. 2, which shows part of a crystal 
of orthoclase). In addition, the potash feldspar contains larger inclusions 
of andesine, hypersthene, and quartz, which are also present in the ground- 
mass. Sericite aureoles in the potash feldspars surround the inclusions 
(PL. 2, fig. 1). 

Hypersthene occurs in small amounts in the coarse-grained granodio- 
rite, but it is relatively more abundant in the fine-grained type. It is 
commonly altered to hornblende, chlorite, epidote, and iron oxide. Seri- 
cite and chlorite have entered the potash feldspar along fine irregular 
cracks, connecting with sericite aureoles around the inclusions (Pl. 2, 
fig. 1), and with the inclusions contribute toward the gray-green color of 
the feldspar in the hand specimen. Other constituents of the coarse-grained 
green granodiorite are quartz (as minute inclusions), saussuritized ande- 
sine (less abundant than orthoclase), myrmekite (as partial rims to the 
orthoclase), titanite, and apatite. 

The fine-grained gray-green granodiorite resembles the coarse-grained 
inall particulars. Plate 2,figure 2,shows a thin section of the fine-grained 
type, taken at the same magnification (9) as that of the orthoclase 
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Figure 1. Part of a gray-gr 


een potash feldspar with fine plagioclase discs (dark) and larger 
inclusions of quartz and hypersthene (black) surrounded by sericite aureoles from the little 
altered gray-green granodiorite; X 9. 


Figure 2. Fine-grained dark granodiorite with x-nicols. Note abundant potash feldspar 

polarized gray with darker perthite rods, fine-grained myrmekite on border of potash feld- 

spar in the center of section. Hypersthene and some quartz polarized black and irregular 
white areas of quartz; X 9. : 
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Figure 1. Gray-green granodiorite resembles Plate 2, figure 2. Strongly developed myr- 
mekite on the borders of the potash feldspar. Dark areas are hornblende, chlorite, and mag- 
netite; X 9. 


Figure 2. Granodiorite with pink feldspars; shows mostly altered dark potash and plagio- 
clase feldspars (dark); a little altered pyroxene included in dark areas quartz shows as clear 
white areas; X 9. 
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crystal from the coarser grained dark granodiorite of Plate 2, figure 1, and 
Plate 3, figure 1. 

Alterations in the granodiorite proceed by a strong development of 
myrmekite, a vermicular intergrowth of quartz and plagioclase, which 
occurs on the borders of potash feldspars and indicates the presence of 
albitizing solution (Pl. 3, fig. 2, and Pl. 4, fig. 1). The development of 
incipient “chess-board” albite (Pl. 5, fig. 2), as an alteration of the alter- 
ation of the potassium feldspar, is due, also, to the presence of sodic solu- 
tions and was probably produced in the same phase of alteration as the 
myrmekite. These changes are accompanied by considerable sericitization 
of the potassium feldspars, increase in saussuritization of the plagioclase, 
and alteration of hypersthene to hornblende, chlorite, and epidote. Sec- 
ondary quartz becomes more abundant ; the introduced epidote has attacked 
the perthite intergrowths of the potash feldspar ; and the plagioclase of the 
myrmekite has replaced hypersthene and other constituents, and occurs 
also in later veins in the rock. The resultant rock produced by these 
hydrothermal changes is a gray-green granodiorite containing a varying 
amount of pink potash feldspar, dull green plagioclase, and irregular areas 
of epidote. When the alteration is carried further, the rock becomes una- 
kite (Pl. 4), the epidote-quartz rock in which the feldspars are a deep pink 
in color. Much of the epidote is clearly secondary, and has replaced the 
older constituents. Quartz, which in the less altered dark granodiorite is 
subordinate, has increased in amount in the altered granodiorite and una- 
kite, where it is lobate in form (PI. 4, fig. 2) and clearly has replaced other 
constituents. It is greatly strained and is filled with fine needles which 
resemble rutile (Pl. 4, fig. 2) and which may impart the blue color 
to the quartz in the hand specimen. The cause of the change of the 
feldspars from gray-green to pink is difficult to explain, but it seems to 
be due to an extremely fine alteration product in the potash feldspar, that 
may be hematite. The formation of epidote required the introduction 
of ferric iron, and the excess may be the source of the hematite, and hence 
the cause of the pink color of the feldspars. 

Unakite is, therefore, largely secondary in its mineral content and com- 
position. Original potash feldspar still remains, but its color has been 
changed from gray-green to pink. The epidote is largely introduced and 
has replaced other minerals, and the quartz also is secondary. Unakite 
preserves, however, the fine-grained or coarse-grained texture of the grano- 
diorite from which it was derived. 

It is evident that the granodiorite of the central belt has been subjected 
to a series of hydrothermal changes since consolidation. These changes 
include an addition of soda to form myrmekite and “chess-board” albite, 
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of silica to form quartz, and, in part of the area, of lime-iron silicate 
epidote and ferric iron to form the fine hematite flakes that color the 
feldspars pink. It is suggested that these hydrothermal changes in the 
granodiorite were produced by residual magma extracts, which acted upon 
consolidated portions of the granodiorite. In other words, the changes 
were deuteric, or epi-magmatic. 

Gilluly,® in discussing the origin of the albite granite near Sparta, 
Oregon, has fully described similar changes in a diorite, from the point 
of view of field, microscopic, and chemical evidence. He considers it 
probable that myrmekite present in the albite granite shows the existence 
of post-magmatic albitic solutions, and he reviews the literature on that 
subject, giving many references® on the formation of myrmekite. In 
addition to the myrmekite in the albite granite, he considers the presence 
of lobate quartz as denoting silicification, and a widespread occurrence 
of epidote, rather than other mafic minerals, as suggesting '° hydrothermal 
processes. 

Granodiorite in the area in which unakite is developed is intruded by 
the Air Point granite, a fine to coarse pink granite composed of microcline 
colored red by hematite flakes, myrmekite, blue quartz, and secondary 
epidote. It was first thought that the pink feldspars in the altered grano- 
diorite were the result of partial replacement of the granodiorite by solu- 
tions derived from the Air Point granite. Further study has thrown 
doubt on this suggestion. 

Granodiorite in the area southeast of Montebello is gray-green, with 
dulled feldspars similar in constituents to the somewhat altered grano- 
diorite northwest of Montebello. It contains abundant myrmekite, show- 
ing the presence of sodic solutions in a late phase, but it lacks secondary 
epidote and hematite, and, therefore, has no pink feldspars nor unakite 
such as characterize the northwestern part of the granodiorite area. 

The central area of granodiorite is just west of the Roseland area of 
pegmatite, which contains rich deposits of rutile, apatite, and ilmenite 
(nelsonite). In describing the titanium deposits of the Roseland district, 
Ross ** states that the pegmatite has been profoundly modified by replace- 
ment and recrystallization. Sodium solutions have albitized the original 
oligoclase feldspar, and ferromagnesian solutions, carriers of titanium, 
have replaced the original feldspar. The pegmatite of the Roseland dis- 
trict may have been a pegmatitic phase of the granodiorite because of 


8 James Gilluly : Replacement origin of the albite granite near Sparta, Oregon, U. S. 
Geol. Surv., Prof. Pap. 175-C (1933) p. 71-81. 

® James Gilluly : op. cit., p. 77-79. 

10 James Gilluly: op. cit., p. 74. 

uC. S. Ross: Titanium deposits of the Roseland district, XVIth Inter. Geol. Cong., 
Guidebook 11 (1933) p. 32-35. 


ig 


GRANODIORITE AND UNAKITE EAST OF MONTEBELLO 55 


their proximity to each other, the similarity of their original composition, 
and their similar types of hydrothermal replacement. 


GRAYSON GRANITE 


The third area of granodiorite lies in Southwest Virginia in Floyd, 
Carroll, and Grayson counties, in the region of the Great Gossan Lead 
(Fig. 1). Granodiorite, represented in large part by the Grayson granite, 
extends from south of Roanoke to the North Carolina line, a distance of 
over a hundred miles. Northeast of Grayson County it occupies a narrow 
area, with infolded Unicoi quartzite, just southeast of the northwestern 
front of the Blue Ridge-Catoctin Mountain anticlinorium. This area 
widens greatly southwestward within the Blue Ridge Plateau, from the 
Carroll-Grayson County line to the North Carolina line. The southeastern 
side of the Grayson granite of southwest Virginia is bounded by a major 
thrust zone, the Independence overthrust, which has carried the Lynch- 
burg gneiss of the central and eastern side of the anticlinorium north- 
westward over Grayson granite, associated intrusive rocks, and the infolded 
Unicoi quartzite. The Great Gossan Lead, source of copper ore of the area, 
occurs in the Lynchburg mica-gneiss along this zone of thrust faulting. 

Grayson granite, so named on the Virginia Geological Survey map in 
1928, is a green gneissic rock with abundant pink feldspars much veined 
by epidote. In thin section (Pl. 5) it shows the same constituents 
as the granodiorite of the north. It contains abundant myrmekite. 
“Chess-board” albite has replaced the potassium feldspar which is filled 
with epidote and zoisite. Hypersthene has been altered almost completely 
to hornblende, chlorite, and epidote. It contains titanite altered to 
leucoxene. The same type of fine red iron dust that occurs in the pink 
feldspars of the granodiorite elsewhere, gives pink color to the feldspars. 
Unakite is less abundant than in the central belt, but it is developed at 
many places along the northwestern side of the area. 

Except in the northeastern part of the area, near Roanoke, where the 
dark, less-altered type of granodiorite is found, the gneissic variety above 
described is the prevailing facies in Southwest Virginia. Because it is 
continuous along the strike with the granodiorite near Roanoke, and 
because of its similarity in original composition and hydrothermal altera- 
tion, the Grayson granite is considered to be a more altered facies of the 
dark gray-green hypersthene granodiorite. 

In Grayson County it is injected by coarse- and fine-grained Air Point 
granite, both rocks containing secondary epidote which is later than the 
intrusion of the Air Point granite. The evidence thus far found in this 
area is not conclusive as to whether the pink feldspars in the Grayson 
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granite (granodiorite) are original potash feldspar altered to pink by 
the introduction of hematite, as in the Montebello area, or whether they 
were introduced into the granodiorite during the intrusion of the Air 
Point granite. 

Where the Grayson granite is involved in thrust faulting, as on its 
southeast side along the Independence thrust fault, the coarse pink and 
green Grayson granite (granodiorite) has been changed into a schistose 
augen gneiss of fine-grained mylonite,’* which in many zones resembles 
a fine schist. Such milling out of a coarse-grained igneous rock indicates 
that it has been affected by strong differential movement, which has pro- 
duced a mechanical metamorphism along thrust planes. The result of 
this strong mechanical deformation is to crush and grind the granodiorite 
into a finely laminated schist composed of shattered fragments of the 
original crystals of the rock, enclosed in a fine-grained matrix that shows 
a fluidal structure. The crushing took place under pressure-temperature 
conditions such that the rock did not lose coherence, but, instead, the 
finely ground particles were welded together into a banded rock of fine 
grain. The augen gneiss contains residual lenticular eyes of feldspar 
and quartz, wrapped around by mica in a finely cataclastic groundmass. 
The Independence overthrust has been traced from south of Roanoke a 
distance of over 100 miles into North Carolina. This overthrust has 
carried the older Lynchburg gneiss northwestward over the Grayson 
granite, the associated pre-Cambrian igneous rocks of the Blue Ridge 
Plateau, and the overlying Unicoi quartzite, and has greatly narrowed 
the area of the Grayson granite in Carroll and Floyd counties. 

The Independence overthrust originated in the crystalline core of the 
anticlinorium, but is closely connected with other structural features, 
overthrusts and associated klippen, which, a short distance to the north- 
west, involve Paleozoic rocks as young as the Mississippian. On such 
evidence the Independence overthrust is considered to be a part of late 
Paleozoic orogeny.*® 

AGE OF THE GRANODIORITE 

In northern Virginia, largely north of the area of the map (Fig. 1), 
metabasalt flows, which form the crest of the Blue Ridge for long distances, 
cap the granodiorite and appear to have been poured out on it as on a 
floor. These flows are pre-Cambrian in age, for they are overlain uncon- 
formably by basal Cambrian Unicoi (Loudoun) quartzite. They should 


12 Charles Lapworth: The Highland controversy in British geology, Nature, vol. 32 


(1885) p. 558-59. 
18 A fuller discussion of the structural geology of the area will be included in the report 
on the geology of the Great Gossan Lead, on which the writer is now engaged for the 
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Figure 2. Coarse-grained unakite. Shows secondary quartz (light) banded with fine rutile 
needles; epidote (dark) and epidotized perthite (dark) rods in large potash feldspars; X 9. 


UNAKITE 


Figure 1. Coarse-grained unakite; plagioclase of myrmekite and perthite rods in potash feld- 
spar and large feldspars are epidotized (black); shows later quartz veins; X 9. 
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Figure 1. Grayson granite. Dark areas hornblende, chlorite, epidote and saussuritized feld- 
spars. Lighter areas are potash feldspars; all feldspars are pink in hand specimen; X 9. 


Figure 2. Same in x-nicols; light feldspars are ch d albite (not clearly shown) replac- 
ing potash feldspar. Saussuritized inclusions show clear albite rims, well shown in dark 
area, upper right-hand corner; X 9. 


GRAYSON GRANITE 


AGE OF THE GRANODIORITE 57 


not be confused with the thin basalt flows that occur within the Unicoi 
formation from a point near Front Royal southwestward across Virginia. 
On the basis of the helium content of the flow in Southwest Virginia, the 
age of the lower part of the Unicoi is estimated as 450 million years. 
In spite of the nature of the field relations of the metabasalt to the grano- 
diorite and in spite of the fact that intrusive relations of the granodiorite 
into the metabasalt have not been observed, some geologists have claimed 
that the granodiorite is younger than the metabasalt, perhaps Paleozoic 
in age. The granodiorite, however, is cut by metamorphosed diabase dikes 
of a composition related to the metabasalt, and these dikes show meta- 
morphism that is not characteristic of the Paleozoic basic intrusives of 
the valley, nor of the Triassic diabase dikes so abundant to the eastward. 
If the dikes that cut the granodiorite are related to the metabasalt magma, 
their presence in the granodiorite is further evidence that it is older than 
the overlying flows, which are themselves pre-Cambrian in age. 

The granodiorite is considered to be pre-Cambrian in age for two cther 
positive reasons. First, in many places the overlying Unicoi quartzite 
is made up of material derived from the granodiorite. It contains abun- 
dant pink feldspar and pebbles of altered granodiorite and unakite. In 
Grayson County, from Flat Ridge southwestward through Konnarock to 
Taylor Valley, the basal Unicoi is a red conglomerate with puddingstone 
beds composed of subangular and rounded grains, pebbles, and boulders 
of pink granite, green diorite, and Grayson granite, as well as metabasalt 
and rhyolite. Some of these boulders measure a foot across. They show 
derivation from a nearby landmass made up of similar igneous rocks. 

In discussing the hydrothermal alterations that have affected the grano- 
diorite since consolidation, it was considered probable that these altera- 
tions are related to a late phase of the intrusion of the magma. The fact 
that the pebbles of hydrothermally altered Grayson granite occur in the 
Cambrian would indicate that both the intrusion and the alteration of the 
granodiorite is pre-Cambrian in age. 

The second reason for considering the granodiorite as pre-Cambrian in 
age is derived from recent analyses of allanite found in the central area 
of the granodiorite. The granodiorite of Nelson and Amherst counties, 
lying just west of the pegmatite area of the Roseland district, contains 
allanite-bearing pegmatite. One of these dikes is in the northwestern 
flank of the Friar (Fig. 1), a granodiorite peak in northern Amherst 
County, just south of the headwaters of Piney River. In the ’70s the late 
Thomas Massie sent specimens of allanite from this locality to J. W. 
Mallet, a chemist at the University of Virginia. Professor Mallet pre- 
sented some of the material to the Smithsonian Institution in Washington. 
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Allanite is an aluminous lime-iron orthosilicate belonging to the epidote 
group. It contains cerium and other rare earth metals that partly replace 
alumina and ferric iron. The allanite from the Friar occurs with magne- 
tite, feldspar, quartz, and sipylite, a niobate of erbium with cerium, in 
a vein striking northeast-southwest. The allanite has been found in lumps 
up to four pounds in weight. It is black and resinous, with a thick, dark- 
red to white weathering crust. This pegmatite is intruded into medium- 
grained, grayish-green granodiorite of the type described as occurring 
east of Montebello in the central area. 

At the instigation of A. C. Lane, allanite from the Friar locality has 
recently been analyzed by W. Reich-Rohrwij, of Vienna, and by John P. 
Marble,** of Washington, D. C., to whom the writer is indebted for the 
following information. Their determination of its lead-thorium ratio 
indicates an age of 800 million years for the allanite. This would 
correspond to the upper part of the middle of pre-Cambrian time, on the 
basis of an estimation of 1000 to 1600 million years as representing the 
age of the older part of the pre-Cambrian. The highest reliable lead ratio 
thus far obtained is 1460 million years for uranite from the pegmatite 
at Keystone,’® in the Black Hills of South Dakota. 

The beginning of the Cambrian has been placed at 500 million years ; 
hence, the granodiorite into which the allanite-bearing pegmatite is 
intruded is several hundred million years older than the Paleozoic, prob- 
ably middle pre-Cambrian in age. 

The hypersthene granodiorite may be comparable in age to the post- 
Kalevian granites ** of Fenno-Scandia, which also are assigned on the 
basis of their lead ratios, to the late middle pre-Cambrian. They belong 
to the third group of pre-Cambrian granites of that area, which are older 
than the Rapakivi of late pre-Cambrian age. 

The Rapakivi granite does not cut the Jotnian sandstone of Finland 
nor the Dalarne sandstone of Sweden, undeformed sandstones which close 
the pre-Cambrian in Fenno-Scandia, and which are comparable in 
lithology and in age with the undeformed Torridonian sandstone in Scot- 
land of late pre-Cambrian age. 

In recent years, great advances have been made in the correlation of 
pre-Cambrian formations of different areas and in the differentiation of 
the relative ages of pre-Cambrian rocks of the same area, largely as a 
result of the work of the Committee on Measurement of Geologic Time, 


44 Personal communication from Mr. Marble. 
% Arthur Holmes: Physics of the earth-IV, The age of the earth, Nat. Research Coun- 
cil, Bull., no. 80 (1981) p. 334-38. 
16 J. J. Sederholm : Pre-Cambrian of Fenno-Scandia, Geol. Soc. Am., Bull., vol. 38 (1927) 
p. 813-36. 
Arthur Holmes: op. cit., p. 444. 
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of the National Research Council, and its research workers. Lane," in 
his 1934 report of the committee, states that the estimates of geologic 
time by radioactive disintegration are now in substantial harmony (for 
the best of them) with the time scale from varves, which seems “the most 
reliable of other methods.” His latest tentative time scale,!* based on 
such methods, compared with a time scale estimated on stratigraphic 
bases, is of great interest. Geologists wait upon further work of this 
committee to provide a fuller and more accurate comparative time scale, 
especially for those pre-Cambrian rocks to which stratigraphical methods 
cannot be applied. 


17 A. C. Lane, Chairman: Report on the Committee on the Measurement of Geologic 
Time, National Research Council, April (1934) p. 4. 
1% Op. cit., p. 1-2. 
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INTRODUCTION 


The structural characters and phylogenetic relationships of Tertiary 
aplodont rodents have been discussed by several authors. Although the 
earliest known aplodonts occur in the John Day formation, it has been 
advocated, especially by Matthew,’ that the origin of the group is to be 
found in the family Ischyromyidae as represented by the genera Pros- 
ciurus and Paramys. Schlosser,? however, has suggested the derivation 
of the John Day genus from Sciwrodon of the European Phosphorites. 

The new genus of rodent described in this paper is clearly ancestral to 
Allomys (Meniscomys) and Haplomys. Occurring in the upper Eocene 
stage of the Sespe deposits of southern California, it is definitely recorded 
as a considerably earlier type than the forms from the late Oligocene or 
the early Miocene. The stratigraphic position of the new aplodont in the 
Sespe is distinctly lower in the section than the late Eocene faunal stage 
now being described * from these beds (California Institute of Technology, 


* Manuscript received by the Secretary of the Geological Society, April 9, 1934. 

1W. D. Matthew: On the ostvology and relationships of Paramys, and the affinities of 
the Ischyromyidae, Amer. Mus. Nat. Hist., Bull., vol. 28 (1910) p. 64-69. 

2M. Schlosser : Die Nager des europdischen Tertidrs, Palaeontographica, vol. 81 (1884) 
p. 78-74, pl. 2, figs. 8, 8a, 8b; Tertiary vertebrates from Mongolia, Palaeontologia 
Sinica, ser. C, vol. 1, fasc. 1 (1924) p. 80. 

8C. Stock: Hocene land mammals on the Pacific Coast, Nat. Acad. Sci., Pr., vol. 18 
(1982) p. 518-523. 
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Vertebrate Paleontology, Locality 150), and thus far the genus is 
conspicuously absent in the mammalian assemblage known from the lat- 
ter horizon. The new type appears to be the most abundantly repre- 
sented form among the several genera of rodents included in the upper 
Eocene fauna of the Sespe. Apparently, three species are recorded for 
this genus in its known vertical range. 


EOHAPLOMYS, N. GEN. 
GENERIC CHARACTERS 


Cheek-teeth 5/4; brachydont. Parastyle and mesostyle prominent and 
sharply defined. External ledge may connect parastyle and mesostyle as 
well as mesostyle and postero-external corner of tooth. Cusps conic in 
P4-M3. External walls of paracone and metacone noticeably convex. 
Hypocone present in anterior molars; smaller than protocone and not 
sharply demarcated from this cusp. Intermediate cuspules arise sharply 
from their surrounding basins; round or oval in basal cross-section. 
Metaconule not connected with posterior cingulum. Enamel ridge, or 
spur, extends outwardly from protocone toward base of paracone. Proto- 
conule connects with this ridge, but metaconule generally separate. P3 
oval in cross-section, rudimentary, with single high cusp externally placed 
and with well-defined cingulum extending around the inner base from 
the anteroexternal to the posteroexternal side. 

Lower cheek-teeth with prominent metaconid from which a shoulder, 
or incipient metastylid, extends posteriorly. Well-defined ridge of enamel 
extending from inner side of hypoconid to protoconid and developing a 
tiny cusp near middle of basin. Spur extends inward from ridge, or tiny 
cusp, toward base of entoconid. Hypoconulid crest forms posterior border 
of tooth, extending inward from hypoconid. 

Enamel of upper and of lower cheek-teeth wrinkled. 


STRATIGRAPHIC POSITION 


In the Brea Canyon section of the Sespe deposits, north of the Simi 
Valley, the genus Fohaplomys has been found at three places (California 
Institute of Technology, Vertebrate Paleontology, Collecting Localities 
202, 127, and 207). These occurrences range from approximately 1675 
feet to 1750 feet above the base of the Sespe, giving a vertical range in 
this portion of the deposits of approximately 75 feet. As at present 
known, the lowest locality of occurrence, in the measured section imme- 
diately to the west of Brea Canyon, is 207, the highest locality is 202. 
Locality 127 occurs immediately to the east of Brea Canyon, in beds which 
continue along the strike from those at 202. A fourth occurrence of 
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Eohaplomys has been found at locality 180, west of Tapo Canyon, and ap- 
proximately three miles east of 202. It is evident from field studies that 
the stratigraphic position of 180 in the Sespe deposits is near that of 202, 
and is probably slightly higher in the section than the latter locality. 


SPECIFIC DIFFERENTIATION 

Bearing in mind the vertical range of the genus, it is significant to 
find that the species of Hohaplomys represented at locality 180 includes 
distinctly smaller individuals than those found at 207 and 202. Com- 
parison of the types found at the latter localities fails to reveal any notice- 
able difference in size of individuals, but a distinguishing feature may be 
displayed in the fourth upper premolar. Thus, the following species may 


be recognized : 
Eohaplomys serus, n. sp. 


Type specimen.—Fragment of maxillary with P3-M3, No. 1572, Cali- 
fornia Institute of Technology, Vertebrate Paleontology Collection (PI. 6, 
fig. 1). 

Locality.—Locality 207. 

Specific characters.—P4 broad externally, bluntly pointed internally, 
and with well-developed parastyle. Length of upper tooth-row, 18.4 
millimeters. 

Eohaplomys matutinus, n. sp. 


Type specimen.—P4, No. 1578, California Institute of Technology, 
Vertebrate Paleontology Collection (PI. 6, fig. 4). 

Paratype.—Fragment of maxillary with M1 and M2, No. 1576 (PI. 6, 
fig. 5). 

Referred specimen.—Left ramus with MI-M3, No. 474 (Pl. 6, figs. 6, 
6a, 6b). 

Localities.—Nos. 202 and 127. Approximately 75 feet higher strati- 
graphically than Locality 207. 

Specific characters—Approaching £. serus in size. P4 less expanded 
anteroposteriorly and with parastyle not so strongly developed as in that 
species. 

Eohaplomys tradua, n. sp. 

Type specimen.—Fragment of maxillary with P4-M2, No. 1575 Cali- 
fornia Institute of Technology, Vertebrate Paleontology Collection (PI. 
6, fig. 2). 

Paratype.—Right ramus with MI-M3, No. 1574 (PI. 6, figs. 3, 3a). 

Locality.— No. 180. 


V—BuLL, Grou. Soc. Am., Vou. 46, 1935 
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Specific characters.—Averaging smaller in size than HZ. serus or E. 


matutinus. 
DESCRIPTION 


Miller and Gidley‘ in their synopsis of the supergeneric groups of 
rodents recognized Haplomys as generically distinct from Allomys, estab- 
lishing the former on the species Meniscomys liolophus Cope from the 
John Day formation. The dentition in the type specimen (No. 6987, 
American Museum of Natural History Collection) is shown on Plate 6, 
figure 7. Haplomys differs most strikingly from its contemporary 
Allomys (Meniscomys) in possessing brachydont cheek-teeth, with conse- 
quent less complication of enamel pattern of individual teeth than in the 
latter. It is interesting to observe the presence of brachydont and hypso- 
dont representatives among the allomyids of the John Day, in which re- 
spect this group parallels the middle Tertiary Equidae. 

Eohaplomys resembles Haplomys particularly in details of the upper 
cheek-teeth, but retains distinctly more primitive characters (Pl. 6, figs. 
1 and 7). The external walls of the paracone and the metacone in the 
Simi genus are noticeably convex, the convexity tending to form median 
longitudinal ribs on the outer surfaces. In Haplomys, on the other 
hand, the outer walls are flattened. In the John Day type the meso- 
style and particularly the parastyle of the molars have undergone con- 
siderable reduction in size. In Eohaplomys, where these styles are promi- 
nent, there is likewise a very definite external cingulum developed along 
the base of the paracone. The parastyle is particularly prominent in P4, 
where the anteroexternal corner of the tooth is considerably enlarged. 
The intermediate cuspules in Fohaplomys are round or oval in basal cross- 
section, whereas in the John Day genus they become subtriangular and 
establish a firmer bond with adjacent structures. Thus, for example, the 
metaconule connects more strongly by a ridge with the metacone, and 
establishes posteriorly a contact with the posterior cingulum, but in the 
form here discussed the metaconule rises abruptly from the basin in which 
it is lodged, and the posterior base of the cuspule is distinctly removed 
from the cingulum. 

In Zohaplomys a ridge extends obliquely outward from the protocone 
and reaches the inner posterior side of the protoconule. From the op- 
posite direction the base of the paracone approaches the protoconule and 
may touch the base of this cusp. In some of the molars the ridge from 
the protocone may continue to a level opposite protoconule and meta- 
conule, where it is met by a faint rise in the enamel extending forward 


*G. S. Miller, Jr., and J. W. Gidley: Synopsis of the supergeneric groups of rodents, 
Wash. Acad. Sci., Jour., vol. 8 (1918) p. 440. 
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RODENTS FROM THE SESPE EOCENE AND JOHN DAY OLIGOCENE 

Figure 1—Eohaplomys serus, n. gen. and n. sp., type specimen, No. 1572, X 4. Figures 2, 3, and 3a—E. tradur, 
Nn. sp., type, No. 1575, and paratype, No. 1574, X 4. Figures 4 to 6b—E. matutinus, n.sp., type, No. 1578, paratype, 
No. 1576, X 4, referred specimen, No. 474, X 2 and approximately X 8. California Institute of Technology 
Collections. Upper Eocene Sespe deposits, California. Figure 7—Haplomys liolophus (Cope), type, No. 6987, X 4. 
American Museum of Natural History Collections. Oligocene, John Day formation, Oregon. 
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from the metaconule. No hypocone is present in P4, and the inner end 
of this tooth is bluntly pointed. In the molars, however, the inner side 
is broader anteroposteriorly, and a hypocone is present in Ml and M2. 
This cusp is distinctly smaller than the protocone, is demarcated from 
the latter by a groove on the inner wall, and is more clearly defined in 
M2 than in Ml. In these teeth the hypocone is connected posteriorly 
with a cingulum, or ridge, which extends outward to the posterior end 
of the metacone. In M3, a notch on the inner posterior border indicates 
the point of union of protocone and posterior cingulum, and a hypocone 
is absent. In M1 to M3 inclusive, the median transverse axis of the 
crown becomes progressively more oblique with reference to the antero- 
posterior axis of the tooth row. 

A portion of the palate and border of the postnarial notch are shown 
in the type specimen, No. 1572. The postnarial notch reaches forward 
to a level opposite the groove separating protocone and hypocone in M2. 
Some distance in front of this notch is a postpalatine foramen, from 
which a groove extends forward. A maxillo-palatine suture is suggested, 
but is not clearly indicated. 

P4 in the type of Hohaplomys, No. 1572, resembles somewhat the com- 
parable tooth in Haplomys in shape, and is also like the latter in enlarge- 
ment of the parastyle. On the other hand, noteworthy differences are 
presented, and the tooth in Hohaplomys possesses a decidedly more primi- 
tive aspect. The outer cusps are conic, although ridged, but their outer 
walls are not flattened as in Haplomys. Moreover, the protoconule is 
less prominently developed, and the intermediates lack the rather marked 
connections that exist between these cuspules and adjacent structures of 
the tooth-crown in the John Day genus. 

The molars in the Simi type differ, likewise, from those of Haplomys 
in the characters noted above for the fourth premolar. The external 
styles are less prominently developed in Haplomys. Evidently, reten- 
tion of brachydonty in this genus is associated with rudimentary para- 
style and mesostyle, whereas in the hypsodont Allomys the styles are re- 
tained as important structures of the tooth-crown. In the molars of 
Haplomys (Pl. 6, fig. 7) the intermediate cuspules lose their conic form 
and are subtriangular in basal cross-section. Moreover, in place of the 
oblique ridge, which extends outward from the protocone in Hohaplomys, 
two well-defined spurs with adjacent depressed areas of enamel can be 
seen in Haplomys. Thus, in the latter a small but deep depression is 
bordered by the two spurs and the inner base of the protoconule, and a 
second by the forward spur and the anterior border of the tooth. A 


hypocone is absent in Haplomys. 
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Allomys (Meniscomys) is distinctly more advanced than Eohaplomys 
in hypsodonty and in the development of the occlusal pattern of the 
cheek-teeth. Nevertheless, the enamel pattern of the cheek-teeth in the 
latter possesses many of the characters requisite if Hohaplomys is to be re- 
garded as an antecedent type from which the Oligocene genus has been 
derived. The principal external styles are well developed, although ex- 
ternal, anterior and posterior cingula are absent or have, at best, a rudi- 
mentary development in Allomys. 

In P4 of Allomys the transverse median crest is well developed, and 
the protoconule connects with its anterior side. Furthermore, as shown 
by Matthew, the metaconule is distinct from this crest, but is connected 
by a strong ridge with the body of the metacone. 

In the lower cheek-teeth of Hohaplomys (PI. 6, figs. 3a and 6b) the four 
principal cusps are still well defined, and the occlusal pattern is decidedly 
less complicated than that of Allomys. Of the anterior pair, the meta- 
conid is a more prominent cusp than the protoconid, and at the posterior 
end of the tooth the hypoconid is seen to be more robust than the ento- 
conid. In more anterior position of entoconid, Hohaplomys is less like 
Paramys and resembles Sciuravus. In MI and M2 a well-developed 
hypoconulid crest is present. This ridge is a more conspicuous structure 
in Eohaplomys than in Paramys, although an approach to the develop- 
ment seen in the former occurs in some specimens representing the latter 
genus. A rudimentary metastylid is formed by a posterior extension 
of the flank of the metaconid, which, as it extends backward, approaches 
the base of the conic entoconid but is separated from the latter by a V- 
shaped notch. 

The protoconid is connected with the metaconid by an anterior and a 
posterior crest, enclosing a basin between them. Extending obliquely 
backward from the posterior crest is a ridge of enamel, which reaches 
the inner base of the hypoconid. This crest near its middle forms a 
cusp-like enlargement and from this, or immediately behind it, extends 
a short and more subdued ridge inward to the base of the entoconid. 
The occlusal pattern of the molars in Hohaplomys is evidently basic to 
that evolved in Allomys, but in the latter it is further complicated by ac- 
cessory crenulations. In moderately worn teeth of the latter the oblique 
fore and aft ridge is not completely formed, and the cusp-like enlarge- 
ment on the ridge may be replaced by an enamel lake. 

In M8 the protoconid and the hypoconid are larger than the corre- 
sponding cusps in the anterior molars, and the hypoconid projects farther 
posteriorly. The hypoconulid crest is shorter and more cusp-like than 
in MT or M2. 
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In Eohaplomys the masseteric area reaches forward to a point below 
the middle of M2, whereas in Allomys it extends farther forward, reach- 
ing a point below the posterior half of MI. Unfortunately, the angle is 
not completely preserved in specimens available from the Sespe deposits. 
In No. 1573, the posterior extension of the inferior border, below the 
masseteric area, suggests a straightness more like that in Paramys than 
like that in Aplodontia. A mental foramen, as shown in specimen No. 
1574 (Pl. 6, fig. 3), is situated below, and immediately anterior to, the 
front rim of the alveolus for P4. 

Comparison of the dentition of Hohaplomys with that of Paramys and 
Sciuravus emphasizes resemblances to both of these earlier Eocene rodents. 
In Sciuravus the two inner cusps of the upper molars are distinct and are 
better defined than in Hohaplomys. In this respect a greater resemblance 
may exist between the Sespe genus and Paramys. A small cusp on the 
outer border between paracone and metacone, seen in molar teeth of 
Paramys and Sciuravus, probably represents a structure homologous to 
the mesostyle in Hohaplomys. In Paramys the intermediate cuspules 
are not so well defined as in the Sespe form, but it is significant that the 
metaconule is distinctly larger than the protoconule in this type. On 
the other hand, only the protoconule appears to be clearly indicated in the 
molars of Sciuwravus. The forward position of the entoconid in lower 
teeth of Hohaplomys is more like that in Sciuravus than like that in 
Paramys. 

RELATIONSHIPS 

Eohaplomys is clearly the earliest known rodent possessing affinities 
with the Aplodontiidae. Its structural resemblances in dentition to the 
Oligocene genera, Haplomys and Allomys, are of such striking character 
as to leave little doubt that Hohaplomys represents the antecedent form 
from which these later types have evolved. The relationship of the Sespe 
genus to Allomys and Haplomys appears to be distinctly closer than that 
between the European Sciwrodon and the American Oligocene forms. 

Matthew ® derived Allomys (Meniscomys) from the Ischyromyidae, 
and regarded Prosciurus as an intermediate type between the Allomys 
and Paramys. In the structure of the dentition, Hohaplomys is more 
advanced than Paramys and Sciuravus, but it shows significant resem- 
blances to these forms. The upper molars of the Sespe genus are like 
those in Sciwravus in the presence of the hypocone, but this cusp is like- 
wise present in some specimens of Paramys. In cusp development of the 
upper and the lower cheek-teeth, Hohaplomys does not appear to be far 
removed from Paramys. Likewise, in character of brachydonty, presence 
of cingula in upper cheek-teeth, and in the suggested shape of the angle, 


5W. D. Matthew: op. cit., p. 67. 
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the Sespe genus is decidedly unlike the later aplodont rodents and agrees 
more closely with the ischyromyids. Hohaplomys, rather than Prosciurus, 
is the annectent type between the allomyids of the late Oligocene and the 
ischyromyids of the early Eocene (Fig.1). For the present, Hohaplomys 


PHYLOGENY OF APLODONT RODENTS 
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Figure 1.—Phylogeny of the aplodont rodents 
Showing the position of Hohaplomys in relation to Paramys and the allomyids. 


is placed in the family Ischyromyidae, but a fuller acquaintance with the 
structure of the skull may necessitate its recognition as the earliest known 
member of the Aplodontiidae. In either case, however, it is evident that 
Eohaplomys furnishes substantial evidence that the Aplodontiidae have 
been derived from the Ischyromyidae, as advocated by Matthew. It is 
also evident that this development occurred in North America in post- 
middle Eocene time. 
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INTRODUCTION 


Fourier’s theory of heat conduction is well known. In its original 
form Fourier’s theory of heat conduction, as presented by the French 
mathematician, is rather abstruse, but fortunately somewhat simpler treat- 
ments of it are available in English, and one of them has been used as a 
source for the fundamental equations given in this paper. Even in the 
simplified form in which the theory is presented by Ingersoll and Zobel * 


* Manuscript received by the Secretary of the Society, May 7, 1934. 
¢ Published by permission of the Director of the U. S. Geological Survey. 
1L. R. Ingersoll and O. J. Zobel: Mathematical theory of heat conduction, Ginn & Co. 
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there is still some difficulty involved in using the equations. I am in- 
debted to Dr. Myron Pawley, instructor of mathematics, Colorado School 
of Mines, for demonstrating the manipulation which makes the equations 
of Ingersoll and Zobel directly usable, and to C. E. Van Orstrand, of the 
United States Geological Survey, and Dr. L. H. Adams, of the Geophysi- 
cal Laboratory, for helpful criticism of the final results. In general, the 
equations are thrown into a form in which they involve probability inte- 
grals. This is done because the convergent series equivalent to the prob- 
ability integral has been evaluated for a considerable range of limits,? and 
by using the tabulated values of the probability integral the solution of 
heat conduction problems is greatly facilitated. It is also possible to 
plot the probability integral as a curve and to find graphically the alge- 
braic sum of the quantities corresponding to different limits of the prob- 
ability integral (Figs. 9 and 10). This greatly reduces the time required 
in solving the problems, and a fair degree of precision is possible. The 
coordinates of the points used in constructing the curves showing the cool- 
ing of a lava sheet were obtained by the graphic method, but the curves for 
the dike and the laccolith were obtained by calculation. 

A few special problems of heat conduction of geological interest have 
been worked out by other writers, but, so far as the writer knows, the wide 
general application of the solution of any special problem has not been 
pointed out. Ingersoll and Zobel take up briefly the case of a lava sheet 
20 meters thick and of a laccolith 1,000 meters thick. A much more 
extended discussion of a lava sheet is given by Boydell,* who shows heat 
dissipation curves for periods of 14, 1, 4, 9, 25, 49, and 100 years for a lava 
sheet 15 meters thick, and to a depth of 265 meters. A valuable contribu- 
tion is included in the discussion of Boydell’s paper by C. W. Berry in 
Bulletin 333, where he evaluates the influence of an air-lava interface 
instead of the water-lava interface tacitly assumed by the formula used. 

Although the wide applicability of the solution of the special case has 
probably been realized by many who have studied heat conduction prob- 
lems, little effort has been made to make this important fact generally 
known. The extension of the special case to the general is suggested by 
Ingersoll and Zobel in their discussion of the lava sheet, and to some ex- 
tent may also be inferred from Mackenzie’s treatment,® especially from 
his plates where curves derived from several different heat conduction 


2B. O. Peirce: A short table of integrals. 

3 L. R. Ingersoll and O. J. Zobel: op. cit., p. 88, 127. 

4H. C. Boydell: The temperature of formation of an epithermal ore deposit, Inst. Min. 
and Met., Bull. 331 (1932) p. 1-43, with discussions in Bull. 832 (1932) p. 25-39; 
Bull. 333 (1932) p. 18-19; Bull. 839 (1932) p. 47-48; and Bull. 345 (1933) p. 1-12. 

5 A. Stanley Mackenzie: On some equations pertaining to the propagation of heat in an 
infinite medium, Am. Phil. Soc., Pr., vol. 41 (1902) p. 181-199. 
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equations are plotted for a few specific values of x, with : as ordinates 
and 2hy/t as abscissae. 

In the present paper the writer has tried to make available time-tem- 
perature curves that can be used for bodies of any thickness and any con- 
ductivity, of interest to the individual geologist, without recourse to 
mathematics. The charts accompanying this paper were originally cal- 
culated for bodies having a thickness of 20 meters and a diffusivity of 
.012, approximately that of the average igneous rock, but as explained in 
the next few pages the correction factors, shown graphically in Figure 1, 
make it possible to use these charts for bodies of any thickness or any 
diffusivity. 

Some readers may not care to follow the mathematics involved in cal- 
culating the points for the curves presented in Figures 2-4, and although 
an understanding of the mathematics is desirable, it is not essential. 
However, the general discussion of the formulas has been cut to a mini- 
mum, and only the steps necessary to make the basic equations directly 
usable are shown. ‘The final equation for each problem consists wholly, 
or chiefly, of the algebraic sum of a set of probability integrals with dif- 
ferent limits. The limits used depend on the shape, dimensions, boundary 
conditions, and diffusivity of the intrusive, and the distance from the cen- 
ter of the body to the point whose temperature is being ascertained. 


ABBREVIATIONS 


Throughout this paper all equations deal in C.G.S. units. Time (t) 
is in seconds, distance (x) is in centimeters unless otherwise stated, and 
thermal units in terms of diffusivity (h?)*, sometimes called thermometric 
conductivity. The other quantities used are denoted as follows: d is the 


thickness or diameter of the body; 1 = r = d ; x is the distance from 
the center of the intrusive; 6, is the initial temperature of the hot body, 
6, is the initial difference in temperature between the intrusive and the 
wall rock, 6, is the initial temperature of the wall rock or 0, = 0; — 0,4; 
6,, is the temperature at any point x at any time t; I is the probability 
integral whose general form is given in equation (1). 


[eas (1) 


+1*x 
where 8 is a function of the form — 


¢h? = X where K is thermal conductivity; ¢ is specific heat, and p is the density 


of the substance. 
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GENERAL UNDERLYING ASSUMPTIONS 


A certain amount of idealization is necessary before a problem can be 
handled with facility. The intrusion is assumed to occur instantaneously, 
to be at a uniform temperature (6,) throughout at the time of intrusion, 
and to be intruded into country rock whose temperature is everywhere the 
same at the instant of intrusion. Where the average values of the tempera- 
ture of the intrusion and the wall rock are used, the error involved in 
assuming uniform temperatures is made as small as possible. This error 
diminishes with increasing values of t. 

The equations used assume that the wall rock is isotropic and has the 
same diffusivity as the intrusive. If the mean values are used the error 
involved is minimized ; generally the true value lies closer to that found 
for a rock of the mean diffusivity than to the value obtained by using the 
diffusivities of either the dike or the wall rock. For the intrusion of 
granite (h?= .016) at 1,000° into limestone (h? = .008) at 0°, the tem- 
perature 6 at the contact in the period just following intrusion would be 
given by the following equation :’ 

Ki 6, 6, 

Ki , 

by 
h,? = diffusivity of granite = 0.016, h = 0.1265. 

k, = conductivity of granite = 0.008. 
6, = initial temperature of granite = 1000°. 

h,? = diffusivity of limestone = 0.008, h, = 0.0894. 
k, = conductivity of limestone = 0.005. 

6~ = initial temperature of limestone = 0. 


The temperature of the contact, if the conductivity and the diffusivity 
of the limestone and the granite were identical, would be 500° instead of 
532°. This higher temperature would cause heat to move out of the 
granite dike more slowly than it would in a granite country rock, and 
would also cause the heat to move out into the limestone more rapidly 
than it would if the dike had the same diffusivity and conductivity as the 
limestone. 

The error involved in assuming that the conductivity and the diffusivity 
of the rocks do not change with temperature can be minimized by using 
the average diffusivity for the range of temperatures involved. 

The latent heat of fusion is neglected in the equations used, and this 
introduces an error whose magnitude depends on the value of this quantity, 


6= = 532 


™L. R. Ingersoll and O. J. Zobel: op. cit., p. 80. 
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Figure 1.—Relation of time to thickness and diffusivity 
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correction factors to be applied to values of t thus found, where the diffusivity is other than h? = 0.012. 


value of d 


Thus, for 


abscissa of the intersection of a curve with a thickness ordinate gives the time. 


Time (t) for values of 2h yt not shown 


‘polating on the profile between known values of 2h Vt to find the one desired. 


s, and for a body 800 meters thick (C scale) t is 1,600 years. 


Abscissae of G scale give the multiplying factor needed where h? has the values shown by the ordinates 


ust be multiplied by 2, but if h? = 0.024 the time must be multiplied by 0.50 to get its correct value. 
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which may make up nearly a quarter of the total heat of a molten mass.® 
This error can be minimized by using a greater width for the intrusive, 
proportional to the amount of total heat contained in the latent heat of 
fusion, or by assuming the latent heat is used in super-heating the magma 
above the initial temperature (6,) to a new value (@,) which is used 
instead. The first method gives a better value for small values of t, and 
the second gives better values for large values of t. The error diminishes 
with increasing values of t after the time of consolidation is passed. 

The assumption that the magma is intruded into an infinite medium 
involves no error until the heating curves reach out far enough to inter- 
sect the surface of the earth. The cooling of the body from that time 
on will be more rapid than shown by the curves, and the magnitude of 
the error will depend on the temperature gradient at the earth’s surface: 
if steep, the error is large ; if gentle, the error is small. All cases of sill-like 
bodies lie between the two extremes represented by the dike and the lava 
sheet. 

GEOLOGIC PROBLEM 


THE DIKE 


One of the simplest problems of heat conduction of geological in- 
terest is that of the dike. For the purpose of mathematical analysis 
the dike is regarded as an infinite slab of finite thickness, initially at the 
same temperature 6, throughout, instantaneously intruded into an in- 
finite medium whose diffusivity is the same as that of the slab, and which 
is at temperature 6, throughout. 6,, the temperature at any point x, 
at any time t, is given directly by the following equation :® 


where the various quantities have the meanings assigned to them on page 
71 and the origin is taken at the median plane of the dike. 

Since the I of (— a) equals —I of (++ a) this equation is converted 
into probability integrals as shown below (abbreviations, p. 71) : 


1+x 


§R. A. Daly : Igneous rocks and the depths of the earth, McGraw-Hill Co. (1933) p. 64. 
°L. R. Ingersoll and O. J. Zobel: op. cit., p. 70, Equation 25. 
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6, 


The solution of (4) gives the temperature 6,, at the point x when 
1, t, and h*, have the values assigned to them by the conditions of the 
problem. 

In order to get a general picture of the dissipation of heat from a body 
such as a dike it has been customary to solve the equation for many 
different points such as X,, X,, X3,....- Xn, keeping t constant but letting 
it equal any desired period of time, with 1 and h? constant. The values of 
6,, thus found for the points x,, X,, X,,..... X,, are plotted as a curve 
whose ordinates represent percent of 6, and whose abscissae represent 
x, the distance from the center of the dike. Several such time-temperature 
curves for different values of t will indicate the temperature of the dike 
and the surrounding wall rock at different times and serve to indicate 
in a general way the dissipation of heat from the body. 

As indicated by (4) the limits used for the probability integrals deter- 
mine the value of 6,, at any time and at any point. A study of these 
limits is important. The limits are fractions, and 2h\/t recurs as the 
denominator of the limits of the probability integrals in all the heat 
conduction problems considered. ‘The difference in the various limits 
is due to the different numerators. The numerators all contain x and 
most of them involve both x and 1. As 2h\/t is a constant in all cal- 
culations for any single time-temperature curve, such curves can be made 
of more general application by plotting them for values of 2h\/t instead 
of for t. The effect on t of changing the value of h? is shown below: 


2Qhvt=c, 4h*t=c? 
2h,vt, =e, 4h,*t, 
= het 


h?2 h?2 

t= and 2h, hi (5) 
2 

The correction factor oS must be applied to the values of t shown 
1 


in the charts accompanying this paper, if some value other than h? = .012 
is used. The correction factor can be obtained directly from Figure 1 
for values of h? lying between .002 and .040 by using the time-diffusivity 
correction curve. On the outer, or “G,” scale the correction factors are 
shown as abscissae of the curve and correspond to the diffusivities plotted 
as ordinates. 

In the types of curves shown in Figures 2, 3, and 4, it has been the 
practice in the past to fix the value of the x scale and only apply the 
curves for a specific value of 1—that is to say, to a mass of definite thick- 
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ness. However, in discussing the cooling of a lava sheet, Ingersoll and 
Zobel say, “From the relationship between x and t and the limits we 
readily conclude that these same curves apply to a layer n times as thick 
if the ‘times’ (t) are taken n® times as large and the distances n times 
as large.” ?° As shown below, the same relationship also holds for the 
problems of the dike, the laccolith and the stock. 

If we let the limit 1+% — 

curve the value of A must be the same regardless of the values assigned 

to 1, x, h?, and t. For a body whose thickness is 21, let r =n, then 

n(l+x) V+nx A 

n(2hvV't) 
and I’ = nl, x’ = nx, and t’ = n*t (h being held constant). Inspection 
of the limits used in (4), (8), (12), and (18) shows that the same rela- 
tionship exists for the other limits used in the problems discussed in this 
paper. 

The simple relationship of I’, x’, and t’ to 1, x, and t, are such that a 
curve plotted for a specific value of 1, can also be used for any value 1’, 
if the appropriate values of x’ = nx, and t’ = n’*t, are substituted for the 
original values of x and t. 

The change in t’ with changes in 1’ for specific time-temperature curves 
can be shown graphically. This is done in Figure 1, where the thickness 
d (or 21) is plotted as ordinates and time (in years) is plotted as abscissae. 
The different values of 2h\/t, used to designate the time-temperature 
curves of the dike, the lava sheet, and the laccolith in Figures 2, 3, and 4, 
are plotted as graphs whose coordinates give the relation of t’ tod’. By 
means of several different scales it is possible to show the change in value 
of time corresponding to diameters ranging from 1 to 50,000 meters. 
The reason for including diameters of such large size will become appar- 
ent during the discussion of the stock. Of course, t’ must be multiplied 
by a correction factor if the diffusivity is other than .012. As noted 
earlier, the factor to be applied is given by the time-diffusivity correction 
curve in the same figure. The relations shown can be brought out best 
by a specific example. 

The point on the curve 2h\/t = 1230.2544, having the ordinate 20 
meters on the E scale, has an abscissa of one year on the horizontal part 
of the same scale. This indicates that in Figures 2, 3, and 4, the 
temperature ordinates cut by the curve 2hy\/t = 1230.2544 are attained 
at the end of one year by a body having a thickness of 20 meters, if the 


A, then for any given point on a specific 


10], R. Ingersoll and O. J. Zobel: op. cit., p. 87. 
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diffusivity is .012. The D scale indicates that if the body were 100 meters 
thick it would attain the same temperatures at the end of 25 years. Refer- 
ence to the time-diffusivity correction curve and the G scale shows that 
if h? = .006 the length of time required to reach the same temperatures 
would be doubled, and that if it were .024 it would be halved. 


GRAPHIC METHOD OF SOLVING THE PROBLEM OF THE DIKE 


A rapid graphic method of solving the equations of the general form 
6= \%4[I(a) + 1(b)] has been devised for use in heat conduction prob- 
lems. A graph has been prepared (Fig. 9), in which x is plotted as abscissae 
and values of Pe, as ordinates. Straight lines, representing - dif- 
ferent values of 2h\/t that were used for the time-temperature curves of 
Figures 2, 3, and 4, have been plotted on this net. The intersection of the 
line having a given value of v + x with the 2hv/t line gives the ordinate 


corresponding to the solution of the fraction ws This ordinate is 


scaled off with a pair of dividers and the corresponding ordinate found on 
the probability integral curve (Fig. 10). The abscissae corresponding 
with this ordinate are read, and where v = 1, this gives the value of the 
probability integral having for its limit. This value may be laid 
off graphically and added to the graphic value of the probability integral 
of the other limit; half the sum of these two lines will give the value 
of @x¢ in the problem of the dike. This procedure may also be used to 
find the values of the integrals involving x, y, and z, in the problem of 
the stock. 
THERMAL DECREMENT CURVES 


GENERAL STATEMENT 


In order to present the data of heat dissipation somewhat more clearly 
than can be done on the usual form of chart, such as shown in Figures 
2, 3, and 4, graphs have been made using 2hy/t as ordinates and values 
of x as abscissae (Fig. 5, 6, 7, and 8). Temperature curves are plotted 
on this net, each curve representing a decrement of 10 percent from the 
initial difference in temperature between the intrusive and its surround- 
ings; e.g., decrements of 10 percent of @,. If these curves are visualized 
as contours representing a third dimension, a section parallel to the base 
of the figure along a 2h\/t line would give a curve similar to one of those 
shown in Figures 2, 3, or 4, where time is made constant. A cross-section 
at right angles to the 2h\/t lines would show the change in temperature 
of a given point with increasing time. For most persons the meaning 


VI—BULL. Soc. Vou. 46, 1935 
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of these curves is readily visualized, and mental interpolation is easier 
than for the curves given in Figures 2, 3, and 4. A glance is sufficient 
to show the approximate temperature attained at any point at any time, 
as well as the complete range of temperature through which the point 
passes. Ag in Figures 2, 3, and 4, the value of time for the 2h\/t lines 
depends on the diameter of the intrusive and can be found by reference 
to Figure 1. The use of these charts is illustrated by the following 
examples. 
PROBLEM 1 


Statement.—(A) Find the length of time before a point 1 meter within 
a dike falls to a temperature of 900 degrees, as well as the temperature 1 
meter outside the dike at this time, (B) find the time at which the center 
of the same dike falls to 900 degrees, and the temperature 1 meter outside 
the dike at the same time; given an initial temperature for the dike 1,200 
degrees, a wall-rock temperature of 25 degrees, a diffusivity of .009, and 
the thickness of the dike as 15 meters. 


Solution.—Two general methods are available. 1. The abscissae and 
2h\/t curves in Figure 2, or the abscissae and ordinates in Figure 5 may be 
redesignated so as to conform with the problem. 2. The point in Figure 
2 or 5 corresponding to 6,’,’ may be found, and the value of t’ ascertained 
from Figure 1. 


For either method the value of 6;, 0,, 4., and 6,, must be known. 


6, = 1200 
6, = 
6, = 900 —25=— 6 — 0.745 6,. 


1175 


Method 1—The x scale in Figures 2 and 5 divides the diameter of the 
dike into tenths (heavy lines) and hundredths (light lines). For a dike 
15 meters wide, each heavy division on the chart would be equal to 1.5 
meters, and the abscissae should be revalued accordingly in a new chart 
(Fig. 6). 

The proper value of time may be substituted for the values of 2hv/t 
given in Figures 2 and 5. The time equivalents of 2hv/t for dikes 15 
meters in diameter can be found in Figure 1. However, the values thus 
found must be multiplied by a correction factor, because of the different 
diffusivity assigned to the 15 meter dike. Referring to the upper “G” 
scale of Figure 1, a diffusivity of .009 is found to intersect the diffusivity 
correction curve at an ordinate, giving a time factor of approximately 1.33. 


i 


Figure 5.—Curves indicating the time at which any point in a dike or the near 
temperature 


Abscissae show distances from the center of the dike. Ordinates are values 
of a dike 20 meters wide. However (as with the curves of Figure 2), the value 
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Curves indicating the time at which any point in a dike or the nearby wall-rock reaches a given 
temperature 


show distances from the center of the dike. Ordinates are values of 2h vt used in the equation 
neters wide. However (as with the curves of Figure 2), the value of time (t) corresponding to 
‘an be found from Figure 1, for a dike of any thickness or diffusivity. After t is thus established 
d for the values of 2hV¥t shown (sce right-hand side of figure), the curves mark out the time 
which points in the specified dike and its nearby wall-rock (abscissae) reach temperatures that 
s of 10 percent from %, the initial difference in temperature. 

‘ves are visualized as contours marking a third dimension, the profile of a cross-section parallel 
Figure 5 would belong to the family of curves shown in Figure 2, where 2hVt is constant for 
cross-section perpendicular to the base would show the temperature change of a given point with 
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The value of time corresponding to the different 2hy/t curves for a 
15 meter dike can be taken directly from Figure 1, using the “E” and “F” 
scales. For the higher values of 2h\/t greater accuracy can be had by 
using the relation t’ = n*t, and multiplying the values found in the “F” 
scale by suitable integers. Thus, if t= .372 years for 2hy/t = 1,000, 
then: 
2,000 
1,000 
5,000 
1,000 
10,000 
1,000 
This procedure is advisable when the value of t’ sought lies close to the 
origin of the curves. The values of t’ found by this combination method 
must be multiplied by the diffusivity correction factor 1.33. These oper- 
ations are summarized in the table given below. 


=n,n?=4 and t= 4X 0.372 for 2hy/t = 2,000, 


=n, n?=25 and 25 X 0.372 for 2hy/t = 5,000, 


=n, n?=100 and t/= 100 X 0.372 for 2hy/t = 10,000. 


Value of t’ where 


Value of t’ for 


2Qhvt 15-meter dike h? = .009 
(h? — .012) (Factor 1.33) 
100 0037 .0049 
250 023 .0306 
500 093 124 
666.7 165 219 
800 239 318 
4 1,000 872 495 
1,230.25 562 748 
2 1,666.7 1.03 1.37 
2,000 1.49 1.98 
2,500 2.33 3.10 
3,333.3 4.00 5.32 
5,000 9.3 12.38 
10,000 


The values of t’ thus found are substituted for the original values of 
2hv/t of Figures 2 or 5 in constructing a new chart. This chart can 
then be used to find the required values of 6,, by interpolation, as indi- 
cated in Figure 6. 


Method 2—The vertical line on the x scale of Figure 5 that is equivalent 
to a distance 1 meter within a 15-meter dike is found. This is done as in 
method 1, and is 6.67 light divisions inside the dike in Figure 6. Inter- 
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polating ** between the curves marked .76, and .86, along the line 
x = 6.5 meters, the point of intersection of the curve .745 6, is found. 
The ordinate of this intersection corresponds to 2h\/t = 285. Turn to 
Figure 1 to find the time corresponding to 2hy/t = 285 for a dike 15 
meters thick. It is best to use the 15 meter thickness line on the first 
scale to the left of the graph (scale F); by interpolation along this 
horizontal line we find that the unplotted time curve 2hy/t = 285 would 
intersect it at an abscissa corresponding to .78 of the first heavy vertical 
line, marked .04 year. The answer to the first part of the problem, if the 
diffusivity of the dike were .012, would be .78 of .04 is .031 years. As 
the diffusivity is .009 the correction factor of 1.33 must be applied, as in 
method 1. Multiplying .031 years by this factor we get for the final 
result .041 years. Under the conditions stated in the problem, the tem- 
perature 1 meter within the dike would reach 900 degrees in approximately 
.041 years, or about 15 days after the intrusion. The time obtained by 
calculation is 14.86 days. 

Measuring a distance corresponding to 1 meter outside the dike wall 
on the 2hy/t = 285 line, we find that at this point it intersects the 
temperature curve for .22 @,. 

22 6, + Oy = 263.5. Thus at the time when the temperature 1 mete 
within the dike had reached 900 degrees, the temperature indicated for 
the wall-rock 1 meter outside the dike is approximately 285 degrees. 

(B) Temperature at the center of the dike. A profile section through 
Figure 5 along the line x0 (the center of the dike) shows that 
.745 05 corresponds to 2h\/t = 1250. Using the same methods as applied 
in part A of this problem it is found by interpolation that the position 
of the curve corresponding to 2h\/t = 1250 in Figure 1 is such that 
it would intersect the 15-meter thickness line at a point corresponding 
to .58 years. Using 1.33 for the correction factor due to the diffusivity 
of .009 we have: 

1.33 X .58 years equals .771 years, or approximately 281 days after 
intrusion the center of the dike reaches a temperature of 900 degrees. The 
time obtained by calculation is 279.52 days. 

As the profile curve showing 6, at any point along the time line 
2hv/t equals 1230.2544 is available in Figure 2, the temperature corre- 
sponding to a distance of 1 meter outside the dike on the time line 2hy/t 
equals 1250 is more accurately determined by reference to Figure 2 than 
to Figure 5. It is found to be approximately .43 6. 

43 6, + 0, = 530 degrees. 


2 Interpolation is most accurately done by constructing a profile curve at right angles 
to the 2hVt lines passing through several values of 9, on either side of the point 
desired. 
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Thus, the temperature 1 meter outside the dike would be 530 degrees 
at the time the center of the dike had fallen to a temperature of 900 
degrees, and this condition would be reached in approximately 9.4 months. 


PROBLEM 2 


Statement—(A) If volatiles are largely forced out of a dike during the 
interval while the center falls from a temperature of 770 degrees to 650 
degrees, find the length of this interval and when it starts. (B) If the 
maximum temperature of epithermal deposits is taken at 200 degrees, how 
far from the dike does the temperature of the wall-rock exceed that of the 
formation of epithermal deposits during the period when volatiles are 
being given off? The dike is assumed to be 1,000 meters wide and to be 
instantaneously intruded at a temperature of 1250° (6,) into wall-rock 
whose temperature is 50° (6,) ; the diffusivity is assumed to be .012. 


Solution—(A) 6, — Oy = 0 = 1200. 
50 + 1200 = 770, and 6%, = .60 6. 
50 + 1200 62, = 650, and 6%, = .50 @. 
50 + 1200 6% = 200, and 6% = .125 6,. 


Using Figure 2, and making a profile curve along the x = 0 vertical, 
it is seen that the .60 6, line cuts the x = 0 vertical at an ordinate corre- 
sponding to 2h/t = 1690, and that the .500, line cuts the x = 0 line 
at a point corresponding to 2hy/t = 2090. Using the C scale in Figure 
1, it is found that the (unplotted) curve for 2h\/t = 1690 intersects the 
1,000-meter thickness line at an abscissa between 4,500 and 5,000 years 
on the lower C scale. Constructing a profile curve for interpolation, it 
is found that the abscissa corresponding to its intersection with the curve 
for 2hy/t = 1690 is 4,680 years for a thickness of 1,000 meters. Similarly, 
it is found that the curve for 2hx/t = 2090 intersects the 1,000-meter 
line where the abscissa corresponds to 7,280 years on the lower C scale. 
As the diffusivity is .012 no correction factor need be applied to the time 
scale because of the diffusivity. Thus, the graphic solution of the problem 
indicates that the important period of the emanation of volatiles would 
begin about 4,680 years after the intrusion of the mass and would last 
approximately 2,600 years. The period indicated by calculation begins at 
4,660.0 and ends at 7,255.5 years, giving a length of 2,595.5 years. 

(B) The second part of the problem reduces itself to finding the inter- 
section of a curve corresponding to 6,,”” or .1256, with the time lines 
2hy/t = 1690 and 2hv/t = 2090. This is done by constructing profiles 
along the time lines in Figure 5 or by interpolation between the curves 
shown in Figure 2. Using either method we find that the time lines 
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2hy/t = 1690 and 2hv/t = 2090 intersect the .125 6, line at points corre- 
sponding to 670 and 840 meters from the edge of the dike. 

Thus, the period during which most of the volatiles were given off lasted 
nearly 2,600 years, and during this time the temperature of the wall-rock 
was above that at which epithermal deposits form for a distance ranging 
from 670 to 840 meters from the wall of the intrusive. The temperature 
at the outer edge of this zone was rising throughout the period in which 
the volatiles were being driven off. 

The solution of the two problems will probably be sufficient to show the 
general methods of using the charts, and the accuracy of the method can 
be judged by comparing the results obtained by it with those found by 
calculation. The problems were purposely chosen so as to involve inter- 
polations, as this naturally causes larger errors than direct reading of 
the charts. 

GEOLOGIC PROBLEMS 


THE EXTRUSIVE SHEET 


For a mathematical analysis of its heat dissipation the extrusive sheet 
is assumed to be a layer of infinite extent and finite diameter, one surface 
of which is maintained at a constant temperature, and the other surface 
of which is in contact with material of the same diffusivity as the sheet 
itself. For convenience, it is usually assumed that the temperature of 
the upper surface is maintained at zero, and in nature a close approach to 
this condition would occur when lava was extruded under water. 

According to Berry,’* the error involved in assuming that the upper 
surface of a lava extruded in air is maintained at 0 is negligible for moder- 
ately thick sheets. The slower cooling would be equivalent to the cooling 
of a slightly thicker sheet whose surface was held at 0. The increase in 
thickness needed to make the equations given below hold for extrusion in 
air would depend on the emissivity (experimentally determined) and the 
conductivity of the rock. According to Berry, the increase for the average 
igneous rock would be approximately 5 centimeters. Thus, the error 
involved in using the equations for a non-submarine flow 5 meters thick 
is 1 percent and for a flow 20 meters thick is 14 percent. 

The general form of the equation for the lava sheet is given below,7* 
and here the origin is taken at the upper surface of the lava sheet. 


dts 


+x 
2hvt 2hvt 


2C. W. Berry: Discussion of H. C. Boydell’s paper, Temperature of formation of an 
epithermal ore deposit, Inst. Min. Met., Bull. 883 (1982) p. 18-19. 
1%. R. Ingersoll and O. J. Zobel: op. cit., p. 87, Equation 53, 


+) 
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Transforming this into probability integrals we have the following: 


_ 2 favi 2hvt 


Then, as the I of (—a) equals —I of (a), equation (7) reduces to: 


x d+x 
The dissipation of heat from a lava sheet is shown graphically in Figures 
3and 7%. The relation of t’ to t, d’ to d, and x’ to x, h” to h?, are the same 
as for the dike, and Figure 1 may be used for lava sheets having diffusiv- 
ities other than .012 and thicknesses other than 20 meters, just as for 
the dike. 
Figure 7 indicates that after an appreciable length of time the hottest 
region is in the country rock beneath the lava sheet, rather than in the 
extrusive itself. 


THE LACCOLITH 


For mathematical analysis, the laccolith is assumed to be an intrusive 
with the shape of a sphere, instantaneously intruded into material of the 
same diffusivity as the laccolith itself. The general equations for the 
cooling of a sphere in an infinite medium is given by Ingersoll and Zobel.** 
If we let 


r+x 


the general equation is: 


+a +b 
Oxt == Ow + (x+2hv/tf) 


+e 
44 L. R. Ingersoll and O. J. Zobel: op. cit., p. 128, Equation 14. 
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Throwing as much of this into probability integrals as possible we have: 
9 +a 2 +a 9 +b 
Ox (2hv/tB) e w+ Jefe dg 
+e +e 


+b 

+e 

or: 


+e 
Ox = Ow (a) I (b) + [ove e~ 


+b 


and as 2h6v/t) equals (h/t) e—626d8 the integral belongs to 
the type which, when integrated, has the form Ke", and the last two quan- 
tities in equation 11 may be written as: 


+a +b 
El | + | — | — 
xV 


Substituting in equation 11, it reduces to equation 12. 


+ ak (a) +1 (b) + 


+c 


XV 


Equation 12 has been used to calculate the points for the curves 
shown in Figures 4 and 8. The relations of t’ to t, r’ to r, h® to h*, x’ to x, 
are the same as for the dike. 


THE STOCK OR BATHOLITH 


For mathematical analysis, the stock is regarded as a rectangular paral- 
lelopiped in an infinite medium. The general equation for temperature 
at any point at any time for bodies of this shape has been worked out.** 
Referring the rectangular parallelopiped to x, y, and z axes, and letting 


15 L. R. Ingersoll and O. J. Zobel: op. cit., p. 146, Equation 121. 


| 
} 
i 
{ 
{ 
| 
| 
| 
j 
oO Oo oO 
i 
j 
{| 
aS 
q 


88 T. 8. LOVERING—THEORY OF HEAT CONDUCTION APPLIED 


x, equal the semidiameter along the x axis, y, the semidiameter along the 
y axis, and z, the semidiameter along the z axis, we can write the principal 
limits to be used in the integrals as follows: 


Xit+ 

2hv't 
2hVt 2hyt 


The point of origin of the coordinates is regarded as the center of the 
rectangular parallelopiped, and x, y, and z are coordinates of any point at 
which 6,,y,2,. is desired. The value of these limits can be obtained graph- 
ically from Figure 9. 

Using the equation given in Ingersoll and Zobel for the general case 
of three-dimensional heat flow in an infinite medium, but adopting the 
terminology used in the present paper, we have: 


1 +0 +0 
= f fe 4. 2havt, yt 2hevt, 


z+ 2hrvt) dadBdy 
And since: 6; = f(A, w, »,) 


§ 
hence \ = a2hv/t + x, = B2hVt+y,» = y2hvt+z. 


Regarding the initial temperature constant throughout the intrusive 
and 0 everywhere outside, 


f(x + a2hvt, y + B2hvVt, 2+ y2hvt =k 
and its integral is 0 and the first equation may be written: 
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Thus where vy = 1000, x = 1200, and 2h Vt = 2000, 


» distance equal to x is then laid off to the left of the point x, to obtain graphically the quantity 
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and remembering that in integrating we can regard 6, as 0 outside the 


—a +o 
limits — a and + b, the integrals / + i =0, 
“b 


we can rewrite the equation in probability integrals as: 


-@ 


Continuing the successive integration we get: 


+6, 
dg 
ef e~Vdy ... (16) 


In its simplified form this equation is: 


= Oe + 1H) +1@][1 +1@]}a 


In order to appreciate fully the significance of this equation it is well 
to rewrite it in the form, 


Ow (a) +10) ]} [(e) + 1a) ]5[1 ® +1 (e)} (18) 


Its similarity to equation 4, which shows the dissipation of heat from 
a dike, is striking. The relationship is even more apparent if we let the 
y and z dimensions equal infinity ; the value of the probability integral for 
an infinite value of the limit is 1; thus, the last two quantities of equation 
18 become equal to 1, and the whole expression reduces to the equation for 
the dike. 

In order to treat the problem of an intrusive stock, it is necessary to 
substitute for its actual shape that of a rectangular parallelopiped of 
approximately the same bulk and dimensions, and then apply equation 18. 
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Probably the best way to get a picture of the dissipation of heat from 
such a body is to plot time-temperature curves for several parallel lines 
in a number of planes passed through the body parallel to two of the 
coordinate axes. As far as the writer knows, a specific problem has never 
been worked out, and this is probably because of the large number of 
calculations involved in the usual method of solving such a problem. 
Ten to fifteen arithmetical operations are needed to calculate a single 
point on a time-temperature curve for any line in a plane. It is neces- 
sary to get from 10 to 20 points for each time-temperature curve, and it 
would probably be desirable to get at least five curves along a dozen or 
more lines in a given plane. 

It is apparent that the number of calculations involved in getting the 
dissipation of heat from a stock may become appalling. However, inspec- 
tion of equation 18 indicates that the work may be greatly reduced. For 
any given line parallel to the x axis, y would equal k, and z would equal 
K’, and for any specific value of 2hyt: 


....... (19) 


Thus, for points on any line parallel to the x axis the simple equation 
for the dike (equation 4) multiplied by k would give the proper value of 
6,,y,2,. for a time-temperature curve. By using proportional dividers 
set to the proper constant, k, the curves shown in Figure 2 can be multi- 
plied graphically and new curves constructed which show the value of 6 
along any given line in the idealized stock. The time-temperature curves 
for a rectangular parallelopiped of definite shape can be used for similar 
parallelopipeds of larger or smaller dimensions by using the relations of 
time, relative diameters, diffusivity, and scale which have been discussed 
for the case of the dike. 

The value of the probability integral for all numbers greater than 3 
is so close to unity that it may be regarded as unity in all calculations not 
involving more than four decimal places. Thus, the probability integral 
will be close to unity if the ratio of the numerator of the limit to the 
assigned value of the denominator is 3 or more, and if y < z, the value 
of k (equation 19) may be taken as unity for all time-temperature curves 


along the x axis where tt > 3. For example, if y, and z; are more 


than 15,000 centimeters the value of k (equation 19) can be considered 
as unity for all time-temperature curves where 2h\/t is less than 5,000 
on the line y= 0, z= 0. 

For a stock whose shape can be approximated by a rectangular paral- 
lelopiped, the time-temperature curves for any given line through the body 
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parallel to an x, y, or z axis can be approximated by inspection and com- 
parison with the temperature curves shown in Figures 2 and 5. A specific 
example will illustrate the procedure. 

Given a rectangular parallelopiped whose smallest diameter is 20 meters, 
whose intermediate diameter is 200 meters, and whose long axis is 2,000 
meters ; or x; = 1,000, y; = 10,000, and z; = 100,000 centimeters. What 
is the character of time-temperature curves along the x axis? On the x 
axis, y= 0 andz=0. Dividing y, by 3, we find that k (equation 19) 
would be unity for all time-temperature curves along the line y = 0, 
z = 0, where 2hy/‘ is less than 3,333 ; hence, the curves for the dike shown 
on Figures 2 and 5 would apply directly for all points along the x axis of 
the rectangular parallelopiped where the value of 2h\/t was less than 
3,333. If 2hy\/f = 5,000, the ratio of the numerator of the limit in- 
volving y to the denominator is 2. Reference to the integral curve shown 
in Figure 10 indicates that the multiplying factor k (equation 19) will 
be approximately .99. If 2hy/t equals 10,000, the ratio of the numerator 
of the limit involving y to the denominator becomes 1. Reference to 
Figure 9 indicates that the 2h\/t = 10,000 curve for the dike (Fig. 3) 
must be multiplied by .842 to give the correct value on the x axis of the 
parallelopiped. 

Along a line parallel to the x axis on the upper surface of the parallelo- 
piped z= z,; = 100,000. If y= 0, the sum of the probability integrals 
for the y terms would be the same as along the x axis, and the sum of the 
probability integrals for the z terms would be 14 (0 +1). Thus, for all 
time-temperature curves where 2hv/‘ is less than 3,333, reference to the 
curve for the probability integral (Fig. 10) shows that the correction 
factor I (14) or approximately .52 should be applied to the time-tem- 
perature curves of the dike shown in Figure 2, in order to use them for 
the line y = 0, z = 100,000. 

If the x diameter of the parallelopiped is not 2,000 centimeters, the 
values of 2h\/t shown in Figure 2 cannot be used directly, but each curve 
must be revalued according to the diameter used. These new values can 
then be compared with that of 2hv/t in the y term of equation 19. In most 
cases it is simpler to use the expedient of solving for a similar parallelo- 
piped whose x diameter is 2,000 centimeters, and subsequently to find 
the proper value for t for the different curves, where the dimensions are 
those of the body to be investigated. 

A study of the relations of the equation for the rectangular parallelo- 
piped to that of the dike shows that the equation for the dike represents 
the maximum temperature obtainable for a cooling intrusive of any 
shape at a given point at a given time. Conversely, the equation for 
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the sphere gives the minimum temperature for a symmetrical body at a 
given point at a given time. 

The rate of dissipation of heat at any point in a stock must be repre- 
sented by curves lying between the corresponding time-temperature curves 
of a dike and those of a laccolith whose thickness is the same as the minor 
axis of the stock. As Figures 2 and 4, and 5 and 7 represent the same 
thickness and are limiting cases, the general order of magnitude of 
the changes can be mentally pictured after due consideration is given 
to the dimensions of the stock and the position of the point in it which 
is of interest. It is evident that dissipation of heat from the top of a 
cylindrical or square stock will be closer to the rate established for a 
laccolith than to that indicated for the dike. 
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INTRODUCTION 


The unconformable relation of the basal Cambrian formation (Flat- 
head) with the underlying Algonkian (Beltian) sediments was known 
before 1899. However, a number of stratigraphers have been inclined to 
doubt the existence of the unconformity in western Montana. The reason 
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¢ Published with the permission of the Director of the Montana Bureau of Mines and 
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for the doubt is that the unconformity is rarely sharply angular. The 
discordance is so slight that in most areas where the two systems of rocks 
are exposed the Flathead sandstone lies in apparent conformity upon the 
Beltian sediments of varying composition. In fact, four seasons of field 
work, supplemented by a thorough examination of the literature, have 
revealed to the writer only eight localities in which the Flathead has been 
observed to rest with any marked angular discordance upon the slightly 
beveled surfaces of the Beltian strata. 

Failure to recognize this unconformable relation has led some geologists 
to the assumption that the Beltian rocks are of Lower Cambrian age. If 
no unconformity separates Middle Cambrian beds from the underlying 
barren sediments, then deposition must have been uninterrupted, and 
the lower barren series (Beltian) must be of Lower Cambrian age. 

Evidence, obtained from the work of several men prior to 1930, and from 
the field work of C. H. Clapp and the writer since 1930, seems to prove 
conclusively the presence of the unconformity, and its definite angularity 
in several rather widely separated areas. Furthermore, it apparently rep- 
resents the erosion from a mountainous uplift of at least 20,000 feet, and 
probably much more. The writer’s field work during the past four years 
has been largely in the southern part of the Swan, the Flathead, and the 
Lewis and Clark ranges, which lie in the region represented by the 
Ovando, the Coopers Lake, and the Saypo quadrangles, and in the Flat- 
head National Forest, north of the Ovando and west of the Saypo quad- 
rangles. An area of approximately 1800 square miles has been mapped 
by traverse and plane-table, on a scale of 1/125,000; detailed stratigraphic 
sections have been measured at 17 localities where the strata are well 
exposed ; and fossils have been collected. In 1930, C. H. Clapp and the 
writer * mapped and traced the Beltian rocks from Missoula to Marysville 
and northward to beyond Wolf Creek, and also examined the rocks in the 
Spokane Hills and in the Belt Mountains, east of Townsend, Montana. 

The accuracy and the authenticity of the conclusions stated in this 
paper depend largely upon the correctness of the correlation of the Beltian, 
and of the lower Cambrian formations in northwestern Montana. During 
the past three field seasons the correlation of the Beltian formations * has 
been rigidly tested. That these formations can be traced and correlated 
in different parts of this area is readily demonstrable in the field. The 
evidence for the correlation of the two lower Cambrian formations (Flat 
head and Wolsey) is given under the heading “Wolsey shale,” in this 


paper. Furthermore, any estimate as to the thickness of strata eroded — 


2C. H. Clapp and C. F. Deiss: Correlation of Montana Algonkian formations, Geol. 
Soc. Am., Bull., vol. 42 (1931) p. 673-696. 
2C. H. Clapp and C. F. Deiss: op. cit., p. 689-695. 
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depends not only on the various stratigraphic horizons of Beltian strata 
with which the Cambrian is in contact, but also upon the constancy of 
thickness of the Beltian formations. The former is dealt with in the 
discussion of the sections; the latter may now be considered. 

The various Beltian formations are strikingly persistent over wide 
areas in northwestern Montana. That these formations were deposited 
as continuous sheets of clastic and calcareous sediments in relatively 
broad troughs, or epeiric seas, and not as interlapping and restricted lenses 
in small isolated basins, is abundantly proved by careful field work. For 
example, Clapp and the writer have traced the Newland, the Spokane, 
and the Helena formations, and those of the Missoula group from Glacier 
Park southward beyond Missoula, and from the Idaho boundary eastward 
to the Lewis and Clark Range, over an area of more than 18,000 square 
miles.* Although these formations are locally thinned in different parts 
of the area, there is no known case either of complete disappearance re- 
sulting from thinning, or of interlapping of formations. Further, the 
different horizons, lithologic zones, within the Beltian formations upon 
which the Flathead sandstone (Cambrian) rests, result from erosion and 
not from original thinning. This fact is shown conclusively in the field, 
where these horizons have been recognized in widely separated sections. 
Evidence, indicating that these horizons are the same ones in the different 
localities, was obtained by tracing horizons between the sections, or by 
locating their stratigraphic position in relation to established regional 
datum planes, such as the top of the Helena or the Newland limestones. 

Whether or not the higher Beltian formations (Missoula group) became 
thinner as they passed eastward from Helena over the area of the present 
Belt Mountains cannot be proven. However, the suggestion that these 
formations were deposited uniformly, unthinned, in the area of the Belt 
Mountains is substantiated by two lines of evidence: first, the persistence 
and the uniform thickness of the formations over northwestern Montana; 
and, second, the fact that in the Big Snowy Mountains, 70 miles east of 
the Belt Mountains, the formations were tilted 19 degrees and maturely 
eroded before the transgression of the Flathead sea. The writer is not 
aware of any field evidence indicating that the higher Beltian sediments 
were less thickly deposited anywhere in the area except near the eastern 
and southern shores of the basin, which must have been at least 100 miles 
east of the present Belt Mountains. 


2C. H. Clapp: Geology of a portion of the Rocky Mountains of northwestern Montana, 
Mont. Bur. Mines Geol., Mem. No. 4 (1932). See geologic map for distribution and loca- 
tion of the Beltian formations referred to above. 
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Table of formations 


Geologic Age 


Formation 


Average 
Thickness 


(Feet) 


Middle Cambrian... 


Middle Cambrian... 


“Trilobite limestone” Middle Cambrian... 


member of Gallatin 


Middle limestone Middle Cambrian... 
member of Silver 


Hill 


Wolsey, “Gordon” of 
Walcott 


Middle Cambrian... 


Middle Cambrian... 


25 


120 


120 


110 


Gray to tan-gray, buff weathering, thin- 
bedded, fine-grained limestone; fossil- 
iferous in upper part. 


Light to bluish-gray limestone and shale, 
grading upward into massive, dark, and 
flaggy white limestones; and these into 
thin-bedded, fossiliferous limestones, 
Pebbly limestones common in Belt 
Mountains. 


Fine-grained, thin-bedded limestones; mas- 
sive and thicker bedded medially; fos- 
siliferous in basal part. 


Laminae of pale gray to drab limestone 
intercalated with thinner laminae of 
darker colored chert. 


Green-brown, gray-green, and maroon, 
soft, fissile, micaceous shales with thin- 
bedded intercalated limonitic sandstones 
in lower, and gray, crystalline, fos- 
siliferous limestones in upper, part. 


Drab to white-gray, thick- and thin- 
bedded, coarse-grained, limonitic, cross- 
bedded, pebbly sandstone; locally quart- 
zitic; stained brown and red; pebbles of 
milky, tan, or gray, pure quartz. 


CAMBRIAN-ALGONKIAN EROSION INTERVAL 


Upper Algonkian. .. 


Marsh, or Miller Peak. Upper Algonkian... 


Upper Algonkian. .. 


15,000 


3,000 


Red, gray-green, and purple argillites, 
quartzites, shales, and sandstones, with 
local sideritic impure limestones. 


Maroon, purple, green, and buff-gray, thin 
and thick-bedded, micaceous to sandy 
argillite, becoming increasingly sandy in 
upper fourth. Basal formation of Mis- 
soula group. 


Dull-gray, thick- and thin-bedded, argil- 
laceous, siliceous, fine-grained limestone, 
with beds of calcareous argillites. 


Purple-red and green, sandy argillites, in- 
tercalated with argillitic quartzites and 
calcareous argillites. 


Dark-colored, coarse-grained, siliceous and 
arenaceous shales, and interbedded, fis- 
sile, light-gray shale. Grayson is lower 
member of Spokane, and is not recog- 
nizable except in Belt Mountains. 


= 
|| Character 
: Damnation.......... | 
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Table of formations—Continued 
Average 
Formation Geologic Age Thickness Character 
(Feet) 
ye Upper Algonkian... 4,000 Gray to black-gray, argillitic, sideritic, 


magnesian limestone, and calcareous 
argillite; usually thinner bedded, darker 
on fresh fracture, and more slaty than 
Helena formation. 


Upper Algonkian... 15,000 Typically red, sandy argillite, some green- 
gray argillite and sandstone in upper 
part; green to gray-green, argillitic, 
sandy quartzite and local red and white 
quartzite beds in lower part. 


Chamberlain......... Upper Algonkian. .. 1,500 Dark-colored, siliceous and arenaceous 
shales and argillites. Equivalent to 
part of upper Ravalli. 


Upper Algonkian. .. 1,000 Reddish, coarse-grained sandstones, with 
interbedded, dark greenish beds of fine- 
grained sandstone and shale. Also cor- 
related with part of upper Ravalli. 


a Upper Algonkian... 8,000 Dark-colored, micaceous, fissile, rusty- 
brown weathering argillites. 


PREVIOUS WORK RELATING TO THE PROBLEM 


The first published account of the unconformable stratigraphic relation 
of Cambrian and Beltian strata in Montana was made by Peale in 1893.* 
He stated that no well-defined unconformity between the “Belt formation” 
and the overlying Flathead quartzite had been observed, but that one must 
be there because the “Belt formation” is metamorphosed and the Flathead 
quartzite is not. He assigned the “Belt formation” to the Algonkian 
system. 

In 1894, Iddings and Weed * noted that in the Livingston quadrangle 
the Flathead quartzite rests in apparent conformity on the “Belt beds,” 
and with angular discordance upon the Archean gneisses and schists. 

In 1896, Peale * again referred to the fact that the Flathead quartzite 
rests upon both the Algonkian and the Archean rocks in the Three Forks 
map area. He said: “The rocks of this period begin with a series of sand- 
stones and shales, the lower member of which is sometimes known as the 


A. C. Peale: The Paleozoic section in the vicinity of Three Forks, Montana, U. S. 
Geol. Surv., Bull. 110 (1893) p. 19. 

5 J. P. Iddings and W. H. Weed: Livingston atlas sheet, description, U. S. Geol. Surv., 
Geol. Atlas, folio 1 (1894). 

*A. C. Peale: Description of the Three Forks sheet, U. S. Geol. Surv., Geol. Atlas, 
folio 24 (1896). 
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basal quartzite, which rests with marked unconformity upon the Archean 
throughout three-fourths of the area of the district. In the remainder 
it rests upon the Algonkian, where the unconformity, if it exists, is very 
slight, probably because the subsidence of the country was very gradual, 
allowing the beds to overlap with little, if any, discordance.” * 

The first evaluation of the amount of erosion represented by the Cam- 
brian-Algonkian unconformity was published by Walcott * in 1899. He 
emphasized the fact that the Flathead quartzite rests upon the Spokane 
shales in the Spokane Hills, and upon the Marsh shale, 250 feet above the 
Helena limestone, just two miles south of Helena, Montana; thus, fully 
3000 feet of Beltian deposits have been removed in the fourteen miles 
which separate the two localities. In the same paper, Walcott also gave 
diagrammatic sections to illustrate the character and the extent of the 
unconformity. He also suggested that the apparent conformity of the 
Flathead quartzite upon the Beltian sediments could be explained by 
the fact that 

“In Pre-Cambrian time the Belt rocks were elevated a little above the sea, 
and at the same time were slightly folded, so as to form low ridges. . . . The 
gentle quaquaversal uplift of the Belt rocks gave them a slight outward dip 
toward the advancing Cambrian sea, so that the sediments laid down on the 
Belt rocks were almost concentrically conformable to them.” *® 


Walcott’s contribution shares distinction with that of Emmons and Cal- 
kins *° in the Philipsburg quadrangle, in being the most significant thus 
far published on the problem. 

In 1899 also, Weed * published the results of his work in the Little 
Belt Mountains quadrangle. In this area are both the Castle and the 
Little Belt mountains. Weed pointed out that “South of Neihart the 
rocks of this period (Cambrian) rest in apparent conformity upon the 
Belt terrane; north of Neihart they lie directly upon the crystalline 
schists and gneisses.” 1? 

In 1906, Walcott ** contributed additional evidence bearing on the 
problem concerning the amount of erosion which separates Flathead and 
Beltian rocks. He emphasized the fact that at Lewis and Clark Pass 


7A. C. Peale: op. cit., p. 2. 

8C. D. Walcott: Pre-Cambrian fossiliferous formations, Geol. Soc. Am., Bull., vol. 10 
(1899) p. 210-215. 

°C. D. Walcott: op. cit., p. 213. 

7°W. H. Emmons and F. C. Calkins: Geology and ore deposits of the Philipsburg 
quadrangle, Montana, U. 8S. Geol. Surv., Prof. Pap. 78 (1913). 

1 W. H. Weed: Description of the Little Belt Mountains quadrangle, U. S. Geol. Surv., 
Geol. Atlas, folio 56 (1899). > 

12W. H. Weed: op. cit., p. 2. 

8 C. D. Walcott : Algonkian formations of northwestern Montana, Geol. Soc. Am., Bull., 
vol. 17 (1906) p. 16-17. 
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the Cambrian rests upon a series of reddish-brown sandstones, 1,015 feet 
in thickness, above the Helena limestone, and that 10 miles to the north, 
in Dearborn Canyon, the Cambrian rests upon siliceous and calcareous 
Beltian strata that “appear to belong to a portion of the Algonkian sec- 
tion 1,000 feet or more beneath the horizon in contact with the Cam- 
brian at Lewis and Clark Pass.”** Walcott also noted that the basal 
Cambrian at Scapegoat Mountain lies upon 1,700 feet of gray sandstones 
and shales of Algonkian age, which are not present in Dearborn Canyon. 
Therefore, although Walcott did not state the fact explicitly, he added 
1,700 feet to the estimate of 3,000 feet of erosion which he made in 1899. 
Consequently, by 1906, a thickness of 4,700 feet was known to represent 
the Cambrian-Algonkian unconformity in northwestern Montana. 

The period from 1913 to 1922 was marked by several important contri- 
butions to the problem. In 1913, Emmons and Calkins?® published 
their report on the geology and ore deposits of the Philipsburg quad- 
rangle. They emphasized that “clear proof” of the unconformity be- 
tween the Flathead and the Beltian deposits is given by local angular 
relationships between the beds of the two systems in two localities, and 
by the local development of a Cambrian basal conglomerate with pebbles 
derived from the Belt series. They also stressed the point that in the 
Philipsburg region, although the Flathead quartzite rests only upon the 
Spokane formation, the latter varies in thickness approximately 4,800 
feet within a horizontal distance of 10 to 11 miles. They infer from 
this conclusion that there were at least 4,800 feet of erosion, and even a 
greater magnitude of elevation prior to the invasion of the Middle Cam- 
brian (Flathead) sea. 

The writer now believes that the Flathead rests upon Beltian strata 
far above the Spokane in the Philipsburg region. 

Knopf,’* in his report on the Helena mining region, also published in 
1913, mentioned the fact that within the Helena region the Marsh shale 
(Beltian) was eroded before the deposition of the Cambrian to the extent 
that northwest of Helena the Marsh is 300 feet in thickness, on Mt. 
Helena it is 75 feet, and one mile southeast of Helena it is cut out en- 
tirely. Knopf’s discussion of the amount of erosion of the Marsh shale 
is merely a summary of Walcott’s ** conclusions in 1899. 


4C, D. Walcott: op. cit., p. 16. 

13 W. H. Emmons and F. C. Calkins: Geology and ore deposits of the Philipsburg quad- 
rangle, Montana, U. S. Geol. Surv., Prof. Pap. 78 (1913). 

18 Adolph Knopf: Ore deposits of the Helena mining region, Montana, U. S. Geol. Surv., 
Bull. 527 (1913) p. 87, 89. 

17C. D. Walcott: Pre-Cambrian fossiliferous formations, Geol. Soc. Am., Bull., vol. 10 
(1899) p. 211-212. 
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Although Schofield’s** work was in southeastern British Columbia, 
his findings have direct bearing on the stratigraphic problems of Cam- 
brian and Beltian rocks in western Montana. Schofield was the first to 
determine accurately the unconformable relationship of the Burton 
(Lower and Middle Cambrian) and the Roosville (Beltian) formations. 

In the same number in which Schofield’s findings were published, 
Burling ** discussed several problems of early Cambrian stratigraphy in 
the North American Cordillera. In this discussion he reviewed the evi- 
dence concerning the Cambrian-Algonkian unconformity in the Belt 
Mountains, the Dearborn River, and the Philipsburg district. 

In 1915, Calkins and Emmons ”* again called attention to the magni- 
tude of the Cambrian-Algonkian unconformity in the Philipsburg district. 
This discussion was essentially a quotation of their earlier report and a 
republication of their photograph and sketch ** of the angular relationships 
between Flathead and “Spokane” formations. 

The following year, Walcott *? wrote in reply to, and in refutation of, 
the conclusions of Rothpletz ** concerning the age of the Helena limestone. 
In his reply, Walcott quoted his own statements published in 1899 in de- 
scription of the unconformity,** and he added an important contribution 
to the literature of the problem by quoting the significant information from 
an unpublished manuscript by Calvert * that east of Swimming Woman 
Creek in the Big Snowy Mountains the underlying Algonkian shale forms 
an angle of 19 degrees with the nearly horizontal Cambrian basal quartzite. 

In 1922, Schofield ** summarized the evidence relating to the uncon- 
formity in southeastern British Columbia. Because Schofield considered 
the presence of the unconformity to be certain he stated as point six in the 
summary of his paper: “The presence of the unconformity between the 


%§. J. Schofield: The pre-Cambrian (Beltian) rocks of southeastern British Columbia 
and their correlation, Canada Geol. Surv., Mus. Bull., no. 2, geol. ser., no. 16 (1914) 
p. 85-86. 

#L. D. Burling: Early Cambrian stratigraphy in the North American Cordillera, with 
discussion of Albertella and related faunas, Canada Geol. Surv., Mus. Bull., no. 2, geol. 
ser., no. 17 (1914) p. 103-105. 

*»F. C. Calkins and W. H. Emmons: Description of the Philipsburg quadrangle, Mon- 
tana, U. S. Geol. Surv., Geol. Atlas, folio 196 (1915) p. 5, fig. 3, pl. 4. 

21 W. H. Emmons and F. C. Calkins: Geology and ore deposits of the Philipsburg quad- 
rangle, Montana, U. S. Geol. Surv., Prof. Pap. 78 (1918) p. 50-51, fig. 3, pl. 7-A. 

2C. D. Walcott: Relations between the Cambrian and pre-Cambrian formations in the 
vicinity of Helena, Montana, Smith. Misc. Coll., vol. 64, no. 4 (1916) p. 285-288. 

23 August Rothpletz: Die Fauna der Beltformation bei Helena in Montana, K. Bayer 
AK. Wiss. Mat-phys KI, abh. 1 (1915) 46 pages. Munich. 

% C.D. Walcott: Pre-Cambrian fossiliferous formations, Geol. Soc. Am., Bull., vol. 10 
(1899) p. 210-215. 

%C. D. Walcott: Cambrian geology and paleontology, Smith. Misc. Coll., vol. 64, no. 4 
(1914) p. 274. 

2S. J. Schofield: Relationship of the pre-Cambrian (Beltian) terrain to the lower 
Cambrian strata of southeastern British Columbia, Canada Geol. Surv., Bull., no. 35, 
geol. ser., no. 42 (1922). 
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Lower Cambrian and the Precambrian places definitely the Purcell series 
and its equivalents in the Beltian or Precambrian.” 

It should be noted that Schofield’s work in southeastern British Colum- 
bia is of comparable significance to that of Walcott, and Emmons and Calk- 
ins in Montana, because in the former area Schofield also established the 
presence of the Cambrian-Algonkian unconformity and described several 
of its characteristics. 

The next writer to mention the unconformity was Bevan.** In 1929, he 
gave a summary of previously existing information relating to the geology 
of the Front Ranges in Montana. His discussion of the Cambrian-Algon- 
kian unconformity contains a brief review of Walcott’s conclusions of 1899 
regarding the thickness of Belt rocks eroded before the deposition of the 
Flathead quartzite in the Helena and the Belt Mountains districts.” Bevan 
added, somewhat ambiguously: “The same general relation exists to the 
northwest.” *° He also mentioned Calvert’s statement pertaining to the 
angularity of the unconformity in the Big Snowy Mountains, and those of 
Emmons and Calkins in the Philipsburg quadrangle. Bevan gave neither 
a complete summary of the available evidence nor any new data concern- 
ing the problem of the unconformity. 

In 1931, Reeves published his report on the “Geology of the Big Snowy 
Mountains, Montana.” ** He gave a brief summary of Calvert’s find- 
ings,®? which were previously quoted by Walcott, but did not add any new 
information concerning the Cambrian-Algonkian unconformity. 

In asummary description accompanying his map of northwestern Mon- 
tana, published in 1932, Clapp ** emphasized the presence of the Cam- 
brian-Algonkian unconformity as follows: 


“Sedimentation proceeded without significant interruption throughout upper 
Algonkian time, but toward the close, presumably during the Grand Canyon 
Revolution, the water was withdrawn, and the Belt sediments of the map-area 
were tilted, but were not significantly deformed. On the other hand, near the 
southern margin of the basin, in the southeastern portion of western Montana, 
the Belt sediments were greatly deformed, uplifted, eroded, and largely removed 
before the deposition of the overlying Paleozoic rocks.” * 


278. J. Schofield: op. cit., p. 15. 

% Arthur Bevan: Rocky Mountain front in Montana, Geol. Soc. Am., Bull., vol. 40 
(1929) p. 427-456. 

29C. D. Walectt: Pre-Cambrian fossiliferous formations, Geol. Soc. Am., Bull., vol. 10 
(1899) p. 213. 

® Arthur Bevan: op. cit., p. 236. 

% Frank Reeves: Geology of the Big Snowy Mountains, Montana, U. S. Geol. Surv., 
Prof. Pap. 165-D (1931) p. 135-149. 

32 Unpublished manuscript by W. R. Calvert; quoted by C. D. Walcott: Cambrian 
geology and paleontology, Smith. Misc. Coll., vol. 64, no. 4 (1914) p. 274. 

8 C. H. Clapp: Geology of a portion of the Rocky Mountains of northwestern Montana, 
Mont. Bur. Mines, Geol. Mem., no. 4 (1982). 

*C. H. Clapp: op. cit., p. 29. 
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In 1933, the writer * pointed out that at least 12,000 to 13,000 feet of 
Beltian rocks belonging to the Missoula group,** which lies above the 
Helena limestone, were removed from northwestern Montana before the 
Flathead quartzite was deposited ; that the Helena limestone is thicker in 
northwestern Montana than Walcott believed, totaling as much as 6,000 
feet in thickness in many sections; and that this amount, added to that of 
the Missoula group known to have been eroded prior to the deposition of 
the basal Cambrian quartzite, gives a total of from 18,000 to 19,000 feet 
for the thickness of Beltian sediments which were removed, thus indicating 
that the diastrophic movements in northwestern Montana were of consid- 
erably greater magnitude than was previously known. 

Finally, in the latter part of 1933, Pardee and Schrader *’ mentioned 
the fact that in all the districts which constitute the Greater Helena min- 
ing region the Flathead quartzite is separated from the underlying Belt 
series by an erosional unconformity. 


GEOGRAPHY OF WESTERN MONTANA DURING BELTIAN TIME 


The picture in broad outline of the local basins in which the Beltian 
sediments were deposited in Montana, and of the then-existing land areas, 
is one of a series of bays, or estuaries, on the eastern side, separated either 
by low peninsulas extending westward from the Archean positive element, 
“Laurentia,” or by a group of Archean islands of low relief. The western 
border of the geosyncline appears to have been in western Idaho and east- 
ern Washington. Consequently, the shoreline of the Beltian trough nearest 
to western Montana was the eastern one, and it is this eastern part of 
the old geosyncline with which the writer is concerned, because it exerted 
considerable influence upon the lithologic character of Beltian and basal 
Cambrian sediments, and upon their geographic distribution. 

The evidence now available seems to indicate that the eastern shore of 
the Upper Algonkian sea lay somewhere to the east of central Montana, 
and that an archipelago, the individuals of which were composed of Arch- 
ean granites, gneisses, and schists, was scattered from the area now occu- 
pied by Yellowstone Park, on the south, to beyond the Highwood Moun- 
tains, on the north. It is probable that the islands were situated essen- 
tially in the areas now held by the isolated mountain masses in central 
western Montana; namely, the Highwood, the Big Snowy, the Little Belt, 


%C. F. Deiss: Paleozoic formations of northwestern Montana, Mont. Bur. Mines Geol., 
Mem. No. 6 (1933) p. 88-34. 

%*C. H. Clapp and C. F. Deiss: Correlation of Montana Algonkian formations, Geol. 
Soc. Am., Bull., vol. 42 (1981) p. 667-683. 

37 J. T. Pardee and F. C. Schrader: Metalliferous deposits of the Greater Helena mining 
region, Montana, U. 8. Geol. Surv., Bull. 842 (1933) p. 12, 124, 126, 187. 
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the Big Belt, and the Castle mountains (Pl. 7). Further, the basin was 
flanked on the south by a larger island, which lay in approximately the 
region of, but probably covered more than, the present Tobacco Root, Madi- 
son, Gallatin, Beartooth, and Absaroka ranges. 

It was the erosion of these islands which produced part of the Beltian 
sediments in central Montana, and the thinning of the Beltian rocks 
against the numerous island shores complicated the stratigraphic prob- 
lems in the area immediately surrounding the archipelago. The islands 
further exerted a profound influence upon the character and composition 
of the basal Flathead (Cambrian) formation in western Montana. How- 
ever, the principal axis of the Beltian geosyncline in Montana lay to the 
west of the Archean archipelago, from the Ruby Mountains northward to, 
and beyond, the International Boundary, and westward through Idaho 
and into eastern Washington (Pl. 7). Within this area the Beltian rocks 
attain their maximum known thickness, contain the thickest limestone 
formations in the series, and have been much less deformed than in the 
region to the southeast. 

That this basin was flooded by marine waters during at least a third, 
and probably more, of Beltian time is indicated by three lines of evidence: 
(1) the great thickness (total 10,000 feet), the uniform lithologic charac- 
teristics, and the wide geographic distribution of the limestone forma- 
tions; (2) the remarkable similarity in sequence of both limestones and 
clastic deposits in widely separated sections; and (3) the continuity of 
deposits both within and between the formations. Whether marine or 
fresh, these waters in western Montana received the erosion products from 
the islands to the east, and possibly also from the western part of Lauren- 
tia. They also received sands and muds eroded from the eastern part of 
Cascadia. All known evidence indicates that deposition continued unin- 
terruptedly until 50,000 feet, or more, of clastic sediments and impure 
sideritic limestones had accumulated in the central part of the trough. 
During early Beltian time the islands appear to have maintained their 
identity, but after the deposition of the Chamberlain shales ** in the Belt 
Mountains area the waters carried less mud, and limestone began to be 
the dominant sediment. It seems feasible to suppose that the waters cov- 
ered the northern islands during later Beltian time, and, consequently, 
that Belt sediments were deposited over them. However, it is doubtful 
whether Algonkian sediments ever completely covered the Archean rocks 
in the area of the present Absaroka Range in Yellowstone Park. 

By the end of Beltian time, sands and muds of that period lay over all 
of central and western Montana, extending westward into eastern Wash- 


%C. D. Walcott: Pre-Cambrian fossiliferous formations, Geol. Soc. Am., Bull., vol. 10 
(1899) p. 206, 209. 
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ington and northward throughout central western British Columbia. If 
there were any high lands in Montana at that time, the evidence for their 
existence has not been discovered. 


POST-ALGONKIAN PRE-CAMBRIAN DIASTROPHISM IN 
WESTERN MONTANA 


HELENA MOUNTAINS 


Shortly after the cessation of Beltian deposition, but long before the 
invasion of Montana by the Middle Cambrian sea, the Beltian strata were 
subjected to orogenic forces which tilted them as much as 30 degrees in 
the Philipsburg quadrangle, and elevated them more than 20,000 feet in 
the area of the eastern side of the Big Belt Mountains. The principal 
centers of uplift are believed to have been essentially the areas previously 
occupied by the Archean islands in the Beartooth, the Little Belt, and the 
Big Snowy mountains. Beltian and older rocks were raised and gently 
folded to rounded, but mountainous, heights. The name, Helena Moun- 
tains, is proposed for this uplifted area, after the capital of Montana which 
is situated in the west central part of the area (Pl. 7). 

The evidence upon which rests the concept of this pre-Cambrian moun- 
tain mass is summarized in Plate 8. The figures are intended to show 
diagrammatically the relations of basal Cambrian sandstones and shales 
to subjacent Beltian and pre-Beltian rocks. The profile sections do not 
show recent topography or any formations above the Wolsey shale, because 
these factors would only serve to confuse the relationships of Cambrian 
and Beltian formations. Figures 1 to 3 are taken on approximately east- 
erly bearings, and illustrate most clearly that the region of maximum uplift 
was between the meridians 110° and 112° west longitude. Figure 4 is 
taken on a southeasterly bearing, illustrating that the maximum uplift 
lay between parallels 45° to 47° north latitude. 


NANNIE BASIN TO BIG SNOWY MOUNTAINS 


From Nannie Basin, which lies in the Swan Range, eastward to the 
Big Snowy Mountains is a distance of approximately 200 miles. The 
three western localities, shown in figure 1 of Plate 8, are within the 
western 42 miles represented by the section. At Nannie Basin the basal 
Flathead quartzite rests in apparent conformity upon the upper beds 
of the Missoula group,*® which in this area obtain a maximum thickness 
of 16,000 feet. Consequently, the amount of erosion in Lipalian time is 
unknown for the Nannie Basin region. At Scapegoat Mountain, 22 miles 


*C. H. Clapp and C. F. Deiss: Correlation of Montana Algonkian formations, Geol. 
Soc. Am., Bull., vol. 42 (1931) p. 667-683. 
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east of Nannie Basin, the Flathead rests upon strata of the Missoula group 
at least 5,500 feet lower stratigraphically. In the North Fork of Dear- 
born River, 20 miles east of Scapegoat Mountain, the basal Cambrian 
quartzite lies upon the lower middle strata of the same group, some 6,000 
feet beneath those at Scapegoat Mountain. Thus, during Lipalian time, 
11,500 feet of Missoula rocks were eroded from - part of western Mon- 
tana, within a distance of 42 miles. 

There are at least 17,400 feet of Algonkian rocks *° between the strati- 
graphic horizon that marks the Cambrian-Algonkian contact in the Dear- 
born River section and the base of the series farther east. Possibly this 
great thickness of Beltian strata also was removed during Lipalian time. 
At least, all the Beltian rocks were removed from the Little Belt Moun- 
tains near Neihart, because several miles east of Neihart the Flathead 
quartzite rests directly upon the Archean, and in the area seven miles 
east of the Cambrian-Archean contact the Flathead rests upon 3,800 feet 
of Beltian sediments.*t The Cambrian-Archean contact west of Neihart 
is 90 miles east of the Dearborn River section. To the 11,500 feet eroded 
between Nannie Basin and Dearborn River, then, may be added the 17,400 
feet of thickness represented between the latter locality and Neihart in 
the Little Belt Mountains, thus making a total of 28,900 feet of Beltian 
rocks eroded in a distance of 122 miles. However, this total is based upon 
the questionable assumption that the Beltian rocks continued unthinned 
over the Archean island mass which lay in the position of the central 
northern Little Belt Mountains, an assumption which is hardly tenable. 
If, then, the combined thicknesses of the Spokane, the Greyson, the New- 
land, the Chamberlain, and the Neihart formations (8,700 feet, as given 
by Walcott *?) be deducted in order to obtain the maximum amount of 
thinning of the Belt formations between the Spokane Hills and the Nei- 
hart district, and therefore an ultra conservative figure for the amount of 
post-Beltian pre-Cambrian erosion, the result still totals slightly more 
than 20,000 feet. This figure must be taken as a basic minimum, and is 
probably several thousand feet smaller than it should be. 

The writer recently estimated 18,000 to 19,000 feet as the thickness of 
Beltian rocks removed during the pre-Cambrian erosion interval in north- 
western Montana.** Field work during the 1933 season gave an oppor- 


# Missoula group, 4500 feet; Helena, 4500 feet; Spokane plus Greyson, 4500 feet ; 
Newland, 1200 feet ; Chamberlain, 2000 feet ; and Neihart, 700 feet. 

41 W. H. Weed: Description of the Little Belt Mountains quadrangle, U. S. Geol. Surv., 
Geol. Atlas, folio 56 (1899). 

42C. D. Walcott: Pre-Cambrian fossiliferous formations, Geol. Soc. Am., Bull., vol 10 
(1899) p. 204. 

#@C. F. Deiss: Paleozoic formations of northwestern Montana, Mont. Bur. Mines Geol., 
Mem. No. 6 (1933) p. 33-34. 
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tunity to check more carefully the thickness of the Missoula group in the 
vicinity of Nannie Basin. It is now known that these rocks total more 
nearly 16,000 than 13,000 feet, the figure previously given for their thick- 
ness. 

Between Neihart and Swimming Woman Creek in the Big Snowy Moun- 
tains, a distance of 70 miles, the Beltian rocks are covered by younger 
deposits. Only 300 feet of Beltian sediments are exposed in the Big 
Snowies, the base of the series being covered. However, the presence of an 
actual angular unconformity of as much as 20 degrees,** between the 
Flathead and the underlying Beltian rocks, indicates clearly that the lat- 
ter underwent considerable tilting and erosion before the deposition of 
the basal Cambrian quartzite. 


PHILIPSBURG TO BIG SNOWY MOUNTAINS 


The section from Philipsburg to the Big Snowy Mountains (Pl. 8, 
fig. 2) is 190 miles in length. The Big Snowy Mountains are chosen 
as the eastern end in order to emphasize again the fact that orogeny dur- 
ing the Lipalian interval affected the rocks over all of central western 
Montana. The diagrammatic section shown in figure 2 of Plate 8, indi- 
cates the position and the amount of the pre-Cambrian uplift, as it is 
interpreted from the relationships of Cambrian and underlying Beltian 
formations. 

In the Philipsburg quadrangle the Flathead quartzite rests with angu- 
lar discordance upon Beltian clastic sediments. The age of the Beltian 
formation, and its proper correlation with the other known sections in 
western Montana, is still one of the unsolved problems of Algonkian 
stratigraphy in the state. In 1913, Emmons and Calkins * correlated 
the red argillite and quartzite lying upon the Beltian limestone in the Phil- 
ipsburg quadrangle with the Spokane shale of Walcott’s type section.** 
Calkins also emphasized the point that everywhere in the Philipsburg map 
area the Flathead quartzite rests upon the Spokane. Because the Helena 
limestone was found lying upon the Spokane and overlain by the 18,000 
feet of argillites and quartzites comprising the Missoula group *’ in the 
Garnet Range, 45 miles northwest of Philipsburg, and because in the Gar- 
net Range the Flathead quartzite rests upon the Missoula group, it fol- 
lows that if in the Philipsburg quadrangle the Flathead rests upon the 


“Frank Reeves: Geology of the Big Snowy Mountains, Montana, U. S. Geol. Surv., 
Prof. Pap. 165-D (1931) p. 145. 

« W. H. Emmons and F. C. Calkins: Geology and ore deposits of the Philipsburg quad- 
rangle, Montana, U. S. Geol. Surv., Prof. Pap. 78 (1913) p. 35-36. 

“C.D. Walcott: Pre-Cambrian fossiliferous formations, Geol. Soc. Am., Bull., vol. 10 
(1899) p. 205, 207. 

“7C. H. Clapp and C, F. Deiss: Correlation of Montana Algonkian formations, Geol. 
Soc. Am., Bull., vol. 42 (1931) p. 667-683. 
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Spokane, as Emmons and Calkins believed, there must have been 24,000 
feet of Beltian rocks eroded within a distance of 25 miles. Important evi- 
dence bearing on the problem is the presence of 1,800 feet, or more, of 
Marsh shale ** (Miller Peak argillite) *° above the Helena limestone in the 
region between the North and the South forks of Little Prickley Pear 
Creek, some 40 to 45 miles east of the north end of the Philipsburg Range. 
It seems highly improbable that this great thickness of Beltian rocks could 
have been removed within a horizontal distance of only 25 miles. 

In 1931, Clapp and Deiss *° suggested a tentative correlation of the 
Philipsburg Beltian formations, in which the Spokane of that area was 
correlated with the Missoula group. Since 1931 the field work of Clapp © 
in the Sapphire Range, contiguous to the western side of the Philipsburg 
quadrangle, has shown the significant fact that the Beltian rocks on the 
western side of the Philipsburg fault *? are truly Spokane and are contin- 
uous westward into the Rock Creek area, where they are overlain con- 
formably by the Helena limestone. Further, there are no Paleozoic rocks 
west of the Philipsburg fault. It is, therefore, entirely possible that the 
Helena limestone and part of the overlying Missoula group are present 
east of the Philipsburg fault in that quadrangle, as would be expected 
from the fact that these formations are present north and east of the fault 
in the area contiguous to the Philipsburg quadrangle. Hence, the Flathead 
quartzite in the Philipsburg quadrangle would rest unconformably upon 
the lower part of the Missoula group, rather than upon the Spokane as was 
formerly supposed. In any event, this explanation is tentatively sug- 
gested as the one which seems to best accommodate the known evidence. 
Even this hypothesis necessitates the erosion of 13,000 feet of upper Mis- 
soula sediments between the Garnet and the Philipsburg ranges. Thus, 
there was considerable elevation, but not close folding, of the Beltian rocks 
in the Philipsburg quadrangle during early Lipalian time, and subsequent 
pre-Cambrian erosion nearly peneplaned the tilted and elevated forma- 
tions. 

Between the Philipsburg Range and Helena, a distance of 52 miles, the 
Algonkian rocks were elevated enough for erosion to remove at least 3,000 
feet, the thickness of the Miller Peak argillite. In the Spokane Hills, 14 


#C. D. Walcott: Pre-Cambrian fossiliferous formations, Geol. Soc. Am., Bull., vol. 10 
(1899) p. 207. 

#C,. H. Clapp and C. F. Deiss: Correlation of Montana Algonkian formations, Geol. 
Soc. Am., Bull., vol. 42 (1931) p. 678-679. 

© C. H. Clapp and C. F. Deiss: op. cit., p. 694-695, fig. 3. 

8C. H. Clapp: Personal communication. 

582. C, Calkins and W. H. Emmons: Description of the Philipsburg quadrangle, Mon- 
tana, U. S. Geol. Surv., Geol. Atlas, folio 196 (1915) p. 18-19. 
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miles east of Helena, the Flathead rests upon the Spokane shales,® at 
least 3,000 feet below the contact horizon at Helena. Ten miles east of 
the Spokane Hills, in the Big Belt Mountains, the Flathead again rests 
upon the Helena limestone, indicating that in Lipalian time the area of 
the Spokane Hills was folded into a low, open anticline, between the less 
elevated regions to the east and the west. On the east side of the Little 
Belt Mountains, in the valley of the South Fork of the Judith River, 
approximately 64 miles east of the west side of the Big Belt Mountains, 
the Flathead lies upon the Greyson shale, from 4,500 to 7,000 feet strati- 
graphically beneath the top of the Helena limestone in the Helena area. 
As previously pointed out, Cambrian and Algonkian rocks are not exposed 
between the Little Belt and the Big Snowy mountains, 50 miles to the 
east, but in the latter range considerable erosion and uplift at the end of 
Beltian time are indicated. 

The pre-Cambrian syncline in the area of the Big Belt Mountains is 
indicated in figure 2, of Plate 8, but is unknown in the northern and 
the southern sections. It may have continued northward and southward 
of the Big Belt Mountains, but no evidence is available bearing on this 
particular problem. 


PHILIPSBURG TO LIVINGSTON QUADRANGLES 


The section from the Philipsburg quadrangle to the Livingstone quad- 
rangle is approximately 145 miles in length, and represents essentially a 
straight southeast bearing. Two important points are illustrated by the 
profile section shown in figure 3 of Plate 8: (1) the great thickness of 
the Beltian rocks in the western part of the section in the vicinity of the 
Philipsburg quadrangle, and (2) the much larger size of the Archean 
mass south of the Belt Mountains in the eastern part of the section. 

As previously stated, in the Philipsburg quadrangle the Flathead is 
considered to rest upon the lower beds of the Missoula group, which are 
at least 31,000 feet above the base of the Beltian rocks in the area north 
and west of Philipsburg. In the northeastern part of the Three Forks 
quadrangle, at the northern end of the Tobacco Root Mountains, the Flat- 
head sandstone rests upon both the Belt formation of Peale * and the 
Archean gneiss and schist. Peale °° gave 6,000 feet as the thickness of the 
Beltian rocks in his map area, and inferred that these sediments were not 
laid down over the central and the southern parts of that area. However, 


53 C. D. Walcott: Pre-Cambrian fossiliferous formations, Geol. Soc. Am., Bull., vol. 10 


(1899) p. 211, fig. 2. 

% C.D. Walcott: op. cit., p. 210. 

%& A.C. Peale: Description of the Three Forks sheet, U. S. Geol. Surv., Geol. Atlas, 
folio 24 (1896) p. 2. 

56 A.C. Peale: op. cit., p. 2. 
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the great thickness of 6,000 feet attained in less than five miles and the 
fact that the basal Cambrian lies upon both the Beltian and the Archean 
rocks within the same distance, strongly suggest that at the end of Beltian 
time, deposits of that period extended much farther south than their pres- 
ent southern boundary would indicate, and also that they and much of the 
old Archean island were removed by erosion — the invasion of the 
Middle Cambrian (Flathead) sea. 

In any event, available evidence now indicates that the Flathead quartz- 
ite rests upon 31,000 feet, or more, of Beltian deposits near Philipsburg, 
upon 6,000 feet of Beltian strata in the northern part of the Three Forks 
quadrangle, and upon the maturely eroded surface of Archean gneiss and 
schist in the northwestern part of the same quadrangle. The difference in 
thickness and age of the pre-Cambrian rocks which underlie the Flathead 
in this section can not be accurately measured. However, a considerable 
uplift took place in the area between the Philipsburg and the Three Forks 
quadrangles at the close of Beltian sedimentation, and the amount of ero- 
sion in the Three Forks and the Livingston map-areas probably equaled 
that in the Belt Mountains. This conclusion is supported by the fact that 
the area now occupied by the Tobacco Root Mountains and the Madison, 
the Gallatin, and the Absaroka ranges was deformed several times before 
the beginning of Beltian sedimentation, and, therefore, probably was 
deformed also at the end of Beltian time. 

No measurement of elevation or erosion between the Three Forks and 
the Livingston regions is possible, because, in the eastern part of the 
former, and over all of the latter, area, the Flathead sandstone rests upon 
Archean rocks. The only exception to this distribution is in the Bridger 
Range, in the northwestern part of the Livingston quadrangle. Because 
of the fact that the Flathead quartzite was deposited with remarkable 
uniformity of thickness over Archean and Beltian rocks in both these 
areas and farther north, that considerable uplift took place north of Three 
Forks, and that the Archean mass, or island, in southern Montana was a 
positive element in Beltian tinre, a tremendous amount of erosion must 
have ensued prior to Middle Cambrian time in order to have produced the 
peneplain over central and western Montana upon which the Flathead 
quartzite was deposited. 

PENTAGON MOUNTAIN TO SOUTHERN THREE FORKS QUADRANGLE 


The section from Pentagon Mountain to southern Three Forks quad- 
rangle, illustrated in figure 4 of Plate 8, has an average beaing of S. 
30° E., is 215 miles in length, and represents the longest distance known 
to have been involved in the Helena Mountains uplift. The evidence from 


VIII—BvLL. Grou, Soc. Am., Von. 46, 1935 


} 
} 


112 CHARLES DEISS—CAMBRIAN-ALGONKIAN UNCONFORMITY 


the section illustrates several significant facts concerning the relative 
amounts of elevation in different parts of the uplift in western Montana. 

The northern part of the section, lying between Pentagon Mountain on 
the north and Prairie Reef on the south, a distance of 24 miles, indicates 
that little differential elevation and erosion of the Missoula group took 
place in that region. The evidence for this interpretation is the fact that 
at both localities the Flathead sandstone lies upon argillites of the upper 
middle Missoula group. However, this region was strongly elevated in 
relation to the area immediately to the southwest, because the Flathead at 
Prairie Reef lies upon Missoula rocks approximately 6,000 feet lower in 
the Beltian section than those at Nannie Basin (Pl. 7). 

The northern boundary of the region, which was more greatly elevated 
in northwestern Montana, lies between Prairie Reef and Ford Creek. 
These two localities are 15 miles apart, and within this distance the Mis- 
soula group was eroded at least 5,500 feet. The evidence for the uplift 
shown in this part of the diagrammatic section (PI. 8, fig. 4), is that 
at Prairie Reef the Flathead lies upon Missoula group argillites approxi- 
mately 10,000 feet stratigraphically above the Helena limestone, and at 
Ford Creek it lies upon fissile argillites of the same group, which are only 
4,500 feet above the Helena. Apparently, the Beltian strata were not 
differentially elevated between Ford Creek and the North Fork of Dear- 
born River, because at both these localities the Flathead rests upon the 
same horizon in the lower part of the Missoula group. 

The second area of great uplift was between the North Fork of Dear- 
born River and the Spokane Hills, 60 miles to the southeast. Across this 
area the Flathead rests upon the truncated surfaces of 9,500 feet of Bel- 
tian strata, distributed from the top downward as Missoula group, 4,500 
feet, and Helena limestone, 5,000 feet. The Flathead lies upon the Spo- 
kane shale ** in the hills for which the formation was named, and, doubt- 
less, part of the Spokane was also eroded. Whatever this amount of ero- 
sion was, it must be added to the 9,500 feet in order to obtain a correct 
figure for the total thickness of Beltian rocks which were removed, and, 
therefore, for the uplift between the Dearborn River and the Spokane Hills. 
Hence, 9,500 feet can be safely considered a conservative figure for the 
amount of elevation and erosion which took place between the Dearborn 
River and the Spokane Hills. 

The pre-Cambrian anticline, previously discussed, is not encountered 
in the section from Pentagon Mountain to the Three Forks quadrangle, 


C. D. Walcott: Pre-Cambrian fossiliferous formations, Geol. Soc. Am., Bull., vol. 10 
(1899) p. 211, fig. 2. 
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because the section passes between the Belt Mountains and Helena, and 
is, therefore, more or less parallel to the axis of the anticline. 

From the Spokane Hills southward to the northern edge of the Three 
Forks quadrangle the Cambrian and older rocks are covered by Tertiary 
extrusive rocks and lake beds. Consequently, evidence bearing on the 
problem of Lipalian orogeny in western Montana is lacking within this 
region. 

SUMMARY OF CONCLUSIONS CONCERNING LIPALIAN GEOGRAPHY IN 
WESTERN MONTANA 

Immediately following the cessation of Beltian deposition, central and 
southwestern Montana was elevated to mountainous heights, at least 20,000 
feet above the region to the west, and nearly 14,000 feet above the region 
to the northwest. Everywhere within the affected area the strata were 
thrown into gentle folds, but no examples are known of Beltian rocks that 
were closely folded or faulted in pre-Cambrian time. The elevated mass 
formed in western Montana is designated the Helena Mountains. 

The shape of these mountains is unknown for the eastern and the south- 
ern sides, but the western boundary formed an irregularly indented line 
west of, and more or less parallel to, the present Continental Divide from 
Pentagon Mountain southward to Camp Creek, thence nearly due south 
for 100 miles and finally southeastward, crossing the forty-fifth parallel 
near the meridian 112° 30’. The region of greatest elevation appears 
to have been ovoid in shape, with the strike of the long axis approximately 
north, and with the apical centers in the Neihart district at the north 
end of the Little Belt Mountains, in the Spokane Hills, and in southern 
Montana in the region of the present Madison, Gallatin, and Absaroka 
ranges. The Spokane Hills region seems to have been the western axis 
of maximum uplift, and to have been separated from the Neihart center 
by a syncline, which lay in the area of the eastern side of the present Big 
Belt Mountains. The axes of these folds trended N. 15°-35°W. 

Prior to the invasion of the Middle Cambrian sea the elevated Beltian 
and older formations were eroded, and the resulting materials removed 
from central and western Montana. The region to which these sediments 
were transported is unknown, but a small part of them may have been 
carried north into British Columbia or south into Utah, Nevada, and 
southern California, and deposited as part of the Lower Cambrian rocks 
in those areas. In any event, central and western Montana was reduced 
to a peneplain composed of Beltian and older rocks, before the uniformly 
thin Flathead quartzite was deposited. 
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CONTINUITY OF LOWER MIDDLE CAMBRIAN FORMATIONS 
GENERAL STATEMENT 


It is striking and significant that, without a single exception, the basal 
Cambrian deposits in western Montana are pebbly quartzites or sand- 
stones, and, what is more important, these clastics in all known exposures 
are nearly identical in lithologic characteristics and composition. A com- 
mensurately striking phenomenon displayed by these basal sediments is a 
gradual transition upward, from arenaceous to argillaceous and, finally, 
calcareous conditions. This sequence of deposits is present in every known 
section in which lower Cambrian strata are exposed in western Montana, 
a condition so striking that its origin cannot be attributed to coincidence. 
The concept, that these basal formations constitute the first cyclotheme 
of Cambrian deposition in western Montana, is supported by abundant 
evidence in the field. There is considerable evidence, also, for the sug- 
gestion that there are four, and possibly five, additional cyclothemes 
within the Cambrian formations of northwestern Montana above the 
basal one. However, the evidence relating to the upper ones is not yet 
sufficient basis for any definite conclusions. 

The cartographic units in western Montana, variously designated for- 
mations, members, and zones, which constitute the deposits of the lower 
cyclotheme, consist, from the base upward, of: crossbedded quartzite and 
sandstone containing numerous pure quartz pebbles, and, locally, basal 
conglomerates ; fissile and generally micaceous, varicolored shales with 
numerous thin beds of sandstone and limestone in the lower and the upper 
parts respectively; and platy, fossiliferous limestones with buff clay dis- 
tributed as flakes, lumps, or irregular bands. The two lower units are 
known in the literature as the Flathead quartzite, or sandstone, and the 
Wolsey shale. In the Three Forks ** and the Livingston *® quadrangles, 
Peale and Iddings and Weed grouped the quartzite and the overlying shale 
together under the name, “Flathead formation.” In the different parts 
of western Montana, local names have been given to the upper limestone 
phase of the lower cyclotheme. In northwestern Montana ® this phase 
is the combined Damnation and Nannie Basin limestones; in the Helena 
region ** and in the Little Belt Mountains ®* and Fort Benton ®* quad- 


588A. C. Peale: Description of the Three Forks sheet, U. S. Geol. Surv., Geol. Atlas, 
folio 24 (1896) p. 2. ‘ 

5° J. P. Iddings and W. H. Weed: Livingston atlas sheet, description, U. S. Geol. Surv., 
Geol. Atlas, folio 1 (1894) p. 2. 

© C, F. Deiss: Paleozoic formations of northwestern Montana, Mont. Bur. Mines Geol., 
Mem., no. 6 (1933) p. 33-36. 

*. Adolph Knopf: Ore deposits of the Helena mining region, Montana, U. S. Geol. Surv., 
Bull. 527 (1913) p. 90. 

6 W. H. Weed: Description of the Little Belt Mountains quadrangle, U. S. Geol. Surv., 
Geol. Atlas, folio 56 (1899) p. 2. 

®W. H. Weed: Description of the Fort Benton quadrangle, U. S. Geol. Surv., Geol. 
Atlas, folio 55 (1899) p. 2. 
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rangles, the Meagher limestone. The limestone phase of the basal cyclo- 
theme is also considered to be the lower part of the Meagher limestone of 
the Big Snowy Mountains,‘ the lower limestone of the Gallatin forma- 
tion in the Three Forks ®* and Livingston ®* quadrangles and in the To- 
bacco Root Mountains,®’ and the middle 120-foot thick limestone of the 
Silver Hill formation in the Philipsburg ** quadrangle. The uncertainty 
of correlation of the limestones that rest upon the Wolsey shale between 
northwestern and central western Montana originates through lack of 
described fossils in the different localities from which these deposits have 
been described. 
FLATHEAD SANDSTONE 

Everywhere in western Montana the Flathead sandstone rests upon pre- 
Cambrian rocks and is the basal member of the Cambrian System. 
The writer has measured nine detailed sections of the Flathead forma- 
tion in the Lewis and Clark, the Flathead, and the Swan ranges in north- 
western Montana. There are also nine well-known sections of the forma- 
tion, described from the mountain masses of central western Montana. 
The greatest thickness of the Flathead is 300 feet, in the Helena 
mining region,®® and the least thickness is 44 feet, in the Lewis and 
Clark Range, at the head of Moose Creek. The Flathead averages 
108 feet in thickness, if all except one of its known exposures in cen- 
tral western Montana are considered. The exposure not considered in the 
above computation, lies on Beaver Creek, 20 miles northeast of Helena.”° 
The thickness of the quartzite in the Beaver Creek section (640 feet) is 
inexplicably greater than in any of the areas to the east or the west, and 
if used in the computation would cause an erroneous figure for the average 
thickness of the Flathead in western Montana. 

The Flathead formation consists of cross-bedded, thin- and thick-bedded 
sandstones, which have been indurated locally into quartzites. In gen- 
eral, the sediments are cleanly washed white quartz sands, cemented in a 
matrix of silica or of hematitic clay that stains the rock dull red. The 


* Frank Reeves: Geology of the Big Snowy Mountains, Montana, U. S. Geol. Surv., 
Prof. Pap. 165-D (1931) p. 144. 

& A. C. Peale: Description of the Three Forks sheet, U. S. Geol. Surv., Geol. Atlas, 
folio 24 (1896) p. 2. 

«J, P. Iddings and W. H. Weed: Livingston atlas sheet, description, U. S. Geol. Surv., 
Ceol. Atlas, folio 1 (1894) p. 2. 

@ Wilfred Tansley and P. A. Schafer: A reconnaissance of the Tobacco Root Moun- 
tains, Madison County, Montana, Mont. Bur. Mines Geol., Mem., no. 9 (19338) p. 7, 12. 

®F. C. Calkins and W. H. Emmons: Description of the Philipsburg quadrangle, Mon- 
tana, U. 8. Geol. Surv., Geol. Atlas, folio 196 (1915) p. 5-6. 

® Adolph Knopf: Ore deposits of the Helena mining region, Montana, U. S. Geol. Surv., 
Bull. 527 (1913) p. 88-90. 

®C. D. Walcott: Relations between the Cambrian and pre-Cambrian formations in the 
vicinity of Helena, Montana, Smith. Misc. Coll., vol. 64, no. 4 (1916) p. 270-271. 
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most striking and diagnostic characteristic of the formation in western 
Montana is the nearly universal presence of tan and white, pure quartz 
pebbles, which vary in diameter from less than one-fourth to more than 
one and a half inches. The pebbles are largely concentrated in lenses, 
which predominate in the lower beds of the formation. However, nu- 
merous pebbles are also scattered irregularly throughout many of the upper 
beds. The source of the pure, tan and white quartz pebbles in the Flat- 
head sandstone has been unknown, and still remains in comparative ob- 
scurity. One fact bearing upon the problem is that there are no Beltian 
rocks, known to the writer, anywhere in northwestern Montana which 
could possibly have furnished the quartz. The pebbles, therefore, prob- 
ably represent the insoluble debris eroded from holocrystalline granitic 
Archean rocks, and must have been transported for considerable distance. 
The Archean mass in the general region of Yellowstone Park and in the 
contiguous area in southern Montana furnished part of the pebbles, and 
possibly the other Archean masses in central Montana, as well as the 
southwestern part of Laurentia, also contributed many. 

In several of the central and the southern sections, local basal conglom- 
erates are known in the Flathead, and contain pebbles of the underlying 
Reltian rocks. No such conglomerate is known in any of the sections in 
northwestern Montana. Limonite is disseminated throughout the forma- 
tion, and seems to be present in every known section of these rocks. The 
rusty-buff color, characteristic of weathered surfaces of the Flathead, is 
produced by altered limonite. 

Fossils from the Flathead quartzite were reported by Walcott," who 
listed four genera of the Albertella fauna from a locality on the Conti- 
nental Divide “about 24 miles northwest of Scapegoat Mountain and 12 
miles northeast of Gordon Mountain.” This is the only account of fossils 
known from the Flathead quartzite. The Continental Divide at the point 
indicated in Walcott’s description, and for five miles southward and 12 
miles northward, is composed of limestones belonging to the Gordon 
Mountain, the Pagoda, and the Steamboat formations (Cambrian), and 
to members of the Jefferson limestone (Devonian) beneath the Lone 
Butte member. At the locality indicated the Continental Divide is from 
900 to 1,100 feet stratigraphically above the top of the Flathead quartzite. 

The quartz pebbles and the lower part of the Flathead formation do 
not represent reworked Beltian deposits in situ; the pebbles are uniformly 
distributed over western Montana, and the Flathead has a uniform thick- 
ness of approximately 100 feet over an area of more than 35,000 square 
miles. These are facts that seem to offer conclusive evidence for the con- 


2 C. D. Walcott : Cambrian geology and paleontology, Smith. Misc. Coll., vol. 67, no. 2 
(1917) p. 18. 
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tinuity of the Flathead formation in western Montana, and also for the 
conclusion that this part of the State was peneplaned before the region 
was invaded by the Middle Cambrian sea. 


WOLSEY SHALE 


The Wolsey shale rests conformably upon the Flathead sandstone, or 
quartzite, wherever these formations are exposed in western Montana. 
It is clearly a transitional deposit between the subjacent coarsely clastic 
Flathead and the superjacent limestones that mark its upper boundary. 
In fact, to find any natural plane or surface of division separating the 
Flathead from the Wolsey is extremely difficult, particularly in north- 
western Montana. In sections where the transitional character is excep- 
tionally developed the horizon chosen by the writer to separate the forma- 
tions has been the base of the first prominent shale zone, even though 
occasional sandstones may be intercalated above this horizon. It is only 
the fact, that, wherever these two formations are known, they form ridges 
of quartzite associated with flats, saddles, or benches of shale, which readily 
lend themselves as stratigraphic markers in geologic mapping, that has 
caused them to be designated as two separate formations. They unques- 
tionably represent a continued period of deposition in the Middle Cam- 
brian sea, and indicate a progressive and contemporary reduction in ele- 
vation of the contiguous land areas. 

Examination of the literature in which the Wolsey or Flathead shales 
have been described indicates that in nearly all of the western part of 
Montana the Wolsey formation and the Flathead sandstone are remark- 
ably uniform in composition, in sequence of deposits, and in thickness. 
The Wolsey varies in thickness from 420 feet in the Helena region 7* 
to 120 feet in the Philipsburg quadrangle,"* but averages 240 feet over 
western Montana. Two exceptions to these figures should be noted. The 
first is in the Beaver Creek section of Walcott,"* previously discussed, and 
the second is in the Big Snowy Mountains section of Calvert,’> who esti- 
mated the thickness of the Wolsey there as 750 feet. Because the thick- 
ness given for the formation in these two localities would only cause an 
error in the correct average thickness of the formation in the other sec- 
tions in the western part of the State, it is not used. 


7 Adolph Knopf: Ore deposits of the Helena mining region, Montana, U. S. Geol. Surv., 
Bull. 527 (1913) p. 90. 

7% W. H. Emmons and F. C. Calkins: Geology and ore deposits of the Philipsburg quad- 
rangle, Montana, U. S. Geol. Surv., Prof. Pap. 78 (1918) p. 53, 64. 

“C. D. Walcott: Relations between the Cambrian and pre-Cambrian formations in 
the vicinity of Helena, Montana, Smith. Misc. Coll., vol. 64, no. 4 (1916) p. 270. 

™ Unpublished manuscript by W. R. Calvert; quoted by C. D. Walcott: op. cit., p. 275. 
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The Wolsey illustrates all the following characteristics in nearly every 
section in western Montana: the lower part of the formation consists of 
dominantly dull green to greenish gray shale, interbedded with thin 
lenses of sandstone ; the shale is usually fissile and soft, and contains vary- 
ing amounts of sericite and green biotite. Walcott ** reported that at 
one locality a few fossils occur in beds of shaly sandstone, which may be 
in the lower part of the Wolsey. However, the exact geographic position 
of the locality, and consequently the stratigraphic horizon from which 
these fossils were obtained, is not clearly known. The sandstones in the 
lower third of the Wolsey are thin and platy, and contain limonite which 
causes them to weather to rusty-brown surfaces. Numerous worm trails 
and borings have been found. In some localities there are, also, several 
zones of loosely consolidated sandstone similar to that in the underlying 
Flathead. 

The middle part of the Wolsey formation consists of nearly pure, mica- 
ceous, paper-thin shale with occasional thin, platy, intercalated beds of 
rusty-weathering sandstone, which, in the upper part, is often slightly 
calcareous and usually contains worm markings. Occasional zones of 
chocolate-brown fissile shales also are interbedded with the characteris- 
tically green shales. 

The upper third of the Wolsey consists of fissile shales, dominantly 
chocolate to maroon-brown in the upper part. Green shales are also pres- 
ent, and in several places are interbedded with several zones of black, 
paper-thin shale. In northwestern Montana, at least, the upper third 
of the Wolsey shale contains less mica than the lower two thirds. Inter- 
calated with the shales are numerous thin beds of gray, crystalline lime- 
stone, from one to seven inches in thickness, averaging approximately 
two and one-half inches. These limestones contain much iron and glau- 
conite, and weather to drab rusty-brown surfaces. In a few of them, 
fossils are locally numerous, but generally rather fragmentary. Fossils 
have not been collected or identified from all the different sections in 
western Montana; consequently, correlation of the Wolsey upon evidence 
derived from them is impossible at present. 

The fact that a formation lies upon, and is transitional from, the same 
underlying formation over an area of 35,000 square miles, and that the 
upper formation possesses extraordinarily uniform lithologic characteris- 
tics and stratigraphic sequence in all the sections within such a large area, 
is significant evidence which strongly supports the conclusion that every- 
where in the area deposition was continuous from the Flathead into, 


7% C.D. Walcott: The Albertella fauna in British Columbia and Montana, Smith. Misc. 
Coll., vol. 67, no. 2 (1917) p. 18. 
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and through, the Wolsey. Slight local variations, caused by shifts in the 
shorelines of the Middle Cambrian sea, undoubtedly produced a few excep- 
tions to the above conclusion. In any event, the remarkably uniform 
lithologic characteristics and thicknesses of the two formations and the 
transitional nature of the Flathead into the Wolsey in every locality 
where the two formations are known in western Montana are decisive evi- 
dence for the correctness of the conclusions that (1) the Flathead sand- 
stone, or quartzite, in western Montana, represents only one formation, 
of one age, and (2) that, this being so, the area must have been eroded to 
a mature peneplain before the deposition of this formation in Middle 
Cambrian time. 


LIMESTONES SUPERJACENT TO WOLSEY SHALE 


The limestones above the Wolsey shale are usually thin and irregularly 
bedded, approximately pure, but have disseminated through them con- 
siderable amounts of buff-weathering clay. The clay may represent the 
last, and finest-grained, silts brought to the Middle Cambrian sea from 
low-lying, and maturely weathered, land masses during the closing phase 
of the cyclotheme. Usually, the contact between the Wolsey and these 
limestones is sharply marked by a sudden change in lithology, but there 
is no known example of a disconformity separating the two units. The 
limestones are mentioned in this paper because they appear to represent 
the clear-sea stage in the first Middle Cambrian cyclotheme in western 
Montana, are believed to represent continuous deposition with the Wolsey, 
and, therefore, aid in the correlation of the basal Cambrian formation 
which rests upon the eroded pre-Cambrian rocks. 


KNOWN AREAS OF ANGULAR UNCONFORMITY BETWEEN FLATHEAD 
AND ALGONKIAN STRATA 


DISTRIBUTION 


Definitely angular unconformable relations between the Cambrian and 
the Algonkian strata have been observed in eight localities in western 
Montana, offering irrefutable proof that an unconformity separates the 
Cambrian and the Algonkian systems, and also adding strong circumstan- 
tial evidence in support of the conclusions which have been deduced from 
comparisons of the various sections where the Flathead rests upon different 
Beltian formations. 

Fortunately, these eight localities are widely distributed over the area 
except in the southern part. Two of them are in the central western part 
of the area, in the Philipsburg quadrangle; two, in the central part of 
the area, in the vicinity of Helena; two, in the northwestern part of the 
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area, in the Coopers Lake quadrangle; one, in the eastern central part 
of the area, in the Little Belt Mountains; and one, at the extreme eastern 
edge of the area, in the Big Snowy Mountains. 


LOCALITIES IN PHILIPSBURG QUADRANGLE 


In order of their geographic distribution from west to east the first two 
localities which illustrate the angular unconformity between the Flat- 
head and Beltian rocks have been well known since 1913, from the 
report of Emmons and Calkins on the Philipsburg quadrangle.*’ The 
fact that the Flathead quartzite rests at an angle of 30 degrees upon the 
Beltian strata in the southwestern part of the quadrangle gives decisive 
support to the conclusions that the Beltian sediments were thrown into 
folds in western Montana, and that this elevated region was base-leveled 
prior to Cambrian deposition. The presence of Flathead basal conglom- 
erate containing pebbles of the underlying Beltian argillite, in the eastern 
part of the quadrangle, is valuable chiefly in establishing the presence of 
a local ridge on the eroded pre-Cambrian land surface. 

In describing the two localities where the Cambrian-Algonkian contact 


is exposed, Emmons and Calkins wrote: 


“In two cliff exposures first observed by MacDonald the Flathead lies upon 
the beveled edges of the Spokane. One is in the western part of the Anaconda 
Range, 114 miles due east of the Carp mine; the other is half a mile northeast 
of the quartzite peak, 8,861 feet high, on the southern rim of Lost Creek 
drainage basin. East of the Carp mine. .. . The Spokane here strikes north- 
northeast and dips 50° or 60° W.; the Flathead strikes nearly north-south and 
dips 25° W. The contact is nearly plane. 

“The relations in the exposure south of Lost Creek are. . . . The discord- 
ance here is much less than at the locality [east of Carp Mine].% The Flathead 
quartzite strikes N. 60° E. and dips 21° W.; the sandstone of the Spokane forma- 
tion immediately below strikes N. 58° E. and dips 25° W. . . 

“The main body of the Flathead on this cliff is a remarkably pure and massive 
quartzite, but at the base there is a lens of conglomerate. . . . It has been 
traced southward for a few rods, where it disappears under talus. No con- 
glomerate has been found elsewhere in the quadrangle in beds known to be 
Flathead. The pebbles of this conglomerate, which has a rather sparce dark 
sandy matrix, are subangular to fairly well rounded; the largest are about 6 
inches in diameter. They are all of light-gray quartzitic sandstone identical 
with that of the Spokane formation immediately underneath.” ™ 


™ W. H. Emmons and F. C. Calkins: Geology and ore deposits of the Philipsburg quad- 
rangle, Montana, U. S. Geol. Surv., Prof. Pap. 78 (1918) p. 50-51. 

7% The statement in brackets is the writer’s. 

™ W. H. Emmons and F. C. Calkins: Geology and ore deposits of the Philipsburg quad- 
rangle, Montana, U. S. Geol. Surv. Prof. Pap. 78 (1913) p. 50-51. 
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LOCALITIES NEAR HELENA 


The two localities in central Montana, near Helena, have been known 
since 1899, when Walcott *° described and made diagrammatic sketches 
of the unconformable relationships exposed at each of them. He gave the 
location of one as 1.25 miles, and of the other as three miles, southeast 
of the Capitol building. At the former locality the Flathead rests upon 
the Helena limestone, and at the latter upon the Marsh shale, approxi- 
mately 250 feet above the top of the Helena. The angle of unconformity 
at both localities is small. 


LOCALITIES IN THE COOPERS LAKE QUADRANGLE 


The two localities in the northwestern part of the area are in the Coop- 
ers Lake quadrangle. They were discovered during the progress of field 
work by C. H. Clapp and the writer, from 1931 to 1933. One of the local- 
ities lies on the north side of Steamboat Mountain in Sec. 16, T. 18 
N., R. 8 W. At this place the Flathead sandstone rests upon the slightly 
truncated surfaces of the lower middle Missoula group argillites, the 
extent of the unconformity being estimated as six to nine degrees. The 
other locality is in a small cirque on the west side of Ford Creek, in the 
SW. 14 Sec. 8, T. 19 N., R. 9 W. The Flathead appears to be nearly 
conformable with the underlying Missoula group argillites, both systems 
having an average strike of N. 70° W. and a dip of 30° SW. However, 
the Cambrian-Algonkian contact is well exposed in the cliff that forms 
the south wall of the cirque. An angle of eight to eleven degrees is 
estimated as the amount of discordance between the strata of the two 
systems. The stratigraphic horizon of the Missoula argillites upon which 
the Flathead sandstone rests is approximately the same in the Ford Creek 
cirque as that on the north side of Steamboat Mountain. 


LOCALITY IN LITTLE BELT MOUNTAINS 


The next locality in which the angular unconformity between the Flat- 
head and the subjacent Beltian strata has been observed lies on the north- 
east side of the Little Belt Mountains, and in the eastern central part of 
the area under discussion. Walcott first noted the unconformity in this 
locality also in 1899. At that time he wrote: 


“On the eastern side, in the vicinity of Neihart, the unconformity between 
the Cambrian and underlying Belt terrane is clearly evident, though the angular 
unconformity is generally slight and has been recognized only on Sawmill 
Creek.” 


C.D. Walcott: Pre-Cambrian fossiliferous formations, Geol. Soc. Am., Bull., vol. 10 


(1899) p. 212. 
C.D. Walcott: op. cit., p. 210. 
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LOCALITY IN BIG SNOWY MOUNTAINS 


The last of the eight known localities in which an angular unconformity 
separating the Flathead and Beltian strata has been observed lies just 
east of Swimming Woman Creek, in the south-central part of the Big 
Snowy Mountains, in Sec. 9, T. 11 N., R. 19 E. This locality is on the 
extreme eastern edge of the area. Referring to the relationships east of 
Swimming Woman Creek, Calvert stated: “At this locality the Algonkian 
shale dips south at a 19° angle, whereas the overlying quartzite (Flathead) 
lies practically horizontal, so that an angular unconformity is apparent.” *? 

Thus, the two known localities which exhibit the largest amount of 
angularity between the Cambrian and Beltian strata lie near the Carp 
Mine in the Philipsburg quadrangle and near Swimming Woman Creek 
in the Big Snowy Mountains, close to the western and the eastern boun- 
daries of central western Montana respectively. This may indicate that 
during the pre-Cambrian post-Beltian diastrophism the Beltian sediments 
were more deformed in the deeper parts of the basin to the west and to 
the east, than over the crests of the old Archean island in the vicinity of 
the Little Belt Mountains. 


CONCLUSIONS 


The evidence presented in the foregoing discussion is considered suffi- 
cient to justify the following conclusions: 

1. The unconformity in western Montana between the Cambrian and 
subjacent Beltian deposits, first recognized and described by Walcott,** 
is fully confirmed by the findings of subsequent field workers. 

2. It is suggested that the Beltian rocks covered large areas of the sur- 
face of the Archean, or pre-Beltian, islands that occupied the position of 
the present Tobacco Root, Madison, Gallatin, and Absaroka ranges, and 
the Little Belt Mountains; further, that during the erosion which 
peneplaned western Montana, the Beltian cover was stripped from the 
inland masses, exposing the Archean rocks which, in turn, were degraded 
prior to the deposition of the Middle Cambrian (Flathead) quartzite. The 
thickness of rocks removed from the Archean masses is thought to have 
been from 5,000 to 8,000 feet. However, this thickness was not included 
in arriving at the conclusion that 20,000 feet of Beltian sediments were 
eroded from western Montana; hence, that figure is a conservative mini- 


82 Unpublished manuscript by W. R. Calvert; quoted by C. D. Walcott: Relations 
between the Cambrian and pre-Cambrian formations in the vicinity of Helena, Montana, 
Smith. Misc. Coll., vol. 64, no. 4 (1916) p. 274. 

SC. D. Walcott: Pre-Cambrian fossiliferous formations, Geol. Soc. Am., Bull., vol. 10 
(1899) p. 210-215. 
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mum, and the actual thickness removed was probably considerably in 
excess of 20,000 feet. 

3. The Algonkian sediments in western Montana were deformed soon 
after cessation of Beltian deposition. Local folds with dips of 30 degrees 
were produced, and the beds were elevated at least 20,000 feet above the 
surrounding region, especially that to the west. Therefore, western Mon- 
tana was the scene of considerable orogenic, as well as epirogenic, move- 
ments at the end of Beltian time. This uplifted mass is given the name, 
Helena Mountains. 

4, The suggestion is tentatively made that the mountain mass (Helena 
Mountains), elevated in central western Montana in the site of the Beltian 
geosyncline, was ellipsoidal in outline, at least on its western margin, and 
that the core of the elevated mass occupied essentially the same position 
as the present exposures of Archean rocks in the Absaroka, the Beartooth, 
and the Gallatin ranges, and in the Little Belt Mountains, although the 
exposed areas of Archean rocks at the beginning of Flathead deposition 
were considerably larger than at present. In the region of the Spokane 
Hills, an anticline in the pre-Cambrian Helena Mountains is definitely 
indicated. Walcott ** was the first to describe the relations between the 
Cambrian and Beltian strata in the Spokane Hills. The anticline trended 
slightly northwest, and was bounded by synclines on the east and the 
west, in the areas marked by the western slopes of the Big Belt Mountains 
and Helena respectively (Pl. 7). 

5. Field evidence, between northwestern and central Montana and in 
the region from the Garnet Range to Philipsburg and eastward, reveals 
the fact that the previously unknown, and astonishing amount of, erosion 
of 20,000 feet was effected between Beltian and Middle Cambrian time. 
Prior to 1933, the maximum thickness of Beltian deposits known to have 
been removed before the Flathead sandstone was deposited was 4,700 feet. 
This figure was given inferentially by Walcott ®* in 1906. Thus, the 
Cambrian-Algonkian unconformity in western Montana is much greater 
in magnitude than was previously known. 

6. Although the faunal evidence, upon which the Cambrian formations 
must eventually be correlated, has not yet been worked out, several other 
lines of evidence collaborate in establishing the essential correctness of 
the correlation of the two basal Cambrian formations in western Montana. 
The basal quartzitic formation (Flathead), in all parts of the area, con- 
sists of practically identical lithological components, and, regardless of 
the composition of the subjacent rocks, contains rounded white and tan 


*&C. D. Walcott: op. cit., p. 211. 
®C. D. Walcott : Algonkian formations of northwestern Montana, Geol. Soc. Am., Bull., 
vol. 17 (1906) p. 16-17. 
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milky quartz pebbles. Allied to this fact is the equally cogent one of the 
remarkably uniform thickness of the Flathead, which averages only 108 
feet over an area of 35,000 square miles. Finally, the fact that the arena- 
ceous deposits are replaced gradually by younger, and increasingly argil- 
laceous, ones, which, in turn, become increasingly calcareous until they 
are replaced by pure limestones, seems conclusive proof that the basal 
Cambrian formations constitute one cyclotheme, and must be correlated 
as the same formations in all the different sections in which they are known. 

%. That the Middle Cambrian sea-bottom, upon which the Flathead 
was deposited, was a base-leveled plane, is substantiated by the distribu- 
tion and remarkably uniform thickness, lithologic character, and transi- 
tional sequence of the thin Flathead sandstone and the superjacent Wolsey 
shale. The writer believes it to be impossible for a formation to be depos- 
ited over 35,000 square miles to an average thickness of only 108 feet unless 
the surface upon which the formation was laid down was essentially a 
plane. 

8. The magnitude of the erosion interval and of the unconformity in 
western Montana is held to be conclusive proof of the pre-Cambrian age 
of the Beltian rocks, a conclusion widely accepted, but one that, even in 
recent years, has been subjected to some doubt. 
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INTRODUCTION 


The Glenwood beds occupy a position between the St. Peter sandstone 
and the Platteville limestone of the upper Mississippi Valley. They con- 
sist of arenaceous to argillaceous yellowish gray to green shaly beds, or 
series of beds, which persist in general character and horizon, from I]linois 
to Minnesota. They were named and originally described by Calvin, in 
Iowa.? The thickness of the shaly beds, which constitute the more typical 
part of the Glenwood, does not, in general, exceed eighteen inches to three 
feet, but in places three, four, or more feet of the sand below it is mingled 
with argillaceous material and appears to have been disturbed by the 
advancing sea in which the shale was deposited. At some places in the 
vicinity of Fountain, Minnesota, and Oregon, Illinois,? the argillaceous 
shale is succeeded by several beds of sandstone; at other places, a thin 
argillaceous limestone occurs at that horizon. Whether such beds are 
Platteville or Glenwood is not always certain. 

Although the Platteville limestone usually overlies the Glenwood beds 
with an apparently distinct change in lithology, the lower part of the 

* Manuscript received by the Secretary of the Geological Society, April 16, 1984. 

t+ This contribution is made possible through the research funds of the Graduate 
School, University of Minnesota. 

1 Samuel Calvin: Geology of Winneshiek County (Iowa), Iowa Geol. Surv., vol. 16 
(1906) p. 74-75. 


* Arthur Bevan: The Glenwood beds as a horizon marker at the base of the Platteville 
formation, Illinois Geol. Surv., Rept. Investigations, no. 9 (1926) p. 11-12. 
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Platteville is, in places, so shaly that it is difficult to draw the upper limit 
of the Glenwood. Sardeson regards the clayey basa! Platteville, separable 
with difficulty from the Glenwood, as a leached dolomitic limestone.* This 
is probably the case at such places as Hampton and Cannon Falls, Minne- 
sota, but at Faribault, Minnesota, the whole lower Platteville appears to 
have been deposited as a shale, in many ways similar to the Glenwood, with 
no distinct demarcation between them. Near La Salle, Illinois, the Platte- 
ville limestone lies unconformably on the St. Peter sandstone,‘ without 
any evidence of Glenwood; the same condition exists throughout much of 
the region from that locality northward into Wisconsin. 

Some of those who have studied the Glenwood beds regard them as more 
or less transitional from the St. Peter to the Platteville,5 and more closely 
related to the Platteville than to the St. Peter. Others, however, take the 
opposite view, regarding the Glenwood as continuous with the St. Peter 
sandstone but sharply separated from the Platteville. There is, un- 
doubtedly, some evidence favoring each of these interpretations, but it is, 
also, possible that the full history is represented by neither of these views. 


TYPICAL OUTCROPS OF GLENWOOD 


Outcrops of the Glenwood beds are common along the Mississippi River 
and its tributaries as far north as Minneapolis, Minnesota. Many of the 
rock cuts along new highways intersecting the base of the Platteville, also, 
show excellent exposures. Herewith are given two widely separated sec- 
tions, which well illustrate these beds, at localities where large collections 
of Glenwood microscopic fauna have been collected. 

The Mississippi River bluff at the Washington Avenue Bridge, just off 
the campus of the University of Minnesota, shows one of these interesting 
outcrops of the Glenwood. The upper six to eight, or more, feet of sand, 
usually included with the St. Peter, but showing evidences of disturbance 
and carrying some mingled argillaceous material as well as certain sedi- 
mentary peculiarities, may have to be considered a part of the Glenwood. 
It has often been suggested that these beds belong with the succeeding 
shale, but for the present purpose they are listed, as usual, with the St. 
Peter sandstone. 


3F. W. Sardeson: Stratigraphic affinities of Glenwood shales, Pan-Am. Geol., vol. 60 
(1933) p. 89-90. 

Arthur Bevan: op. cit., p. 11-12. 

S Arthur Bevan: op. cit., p. 10-11. 

R. S. Knappen: Geology and mineral resources of the Divon quadrangle, Illinois Geol. 
Surv., Bull. 49 (1926) p. 52-53. 


®U. S. Grant: Report on the lead and zinc deposits of Wi in with an atlas of 
detailed maps, Wis. Geol. Surv., Bull. 14 (1906) p. 30. , 
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TYPICAL OUTCROPS OF GLENWOOD 


Section at the Washington Avenue Bridge, Minneapolis, Minnesota 


Decorah shale 


10. Limestone, hard, pyritiferous, blue to brown, with masses of 
white calcite crystals.............. 


Platteville limestone 
9. Limestone, even bedded, buff, full of fossils...... Giterekiee we 


8. Limestone, nodular, blue, shaly when weathered. The lower 
six to eight inches carry black phosphatic grains in streaks 


or in burrows in the ancient muds. Fossils common...... 


Glenwood beds 


7%. Shale, hard, flaky, blue, and shaly blue limestone containing 


megascopic fossils similar to those above......... eerste 
6. Shale, soft gray to brown. . PA 
5. Shale, argillaceous, green with scattered grains of frosted 
quartz. Chaetopoda and conodonts common............. 
4, Shale, sandy, yellow to white............... acrnisaratemenatle 
St. Peter sandstone 
8. Sandstone, yellow to buff, with some clay in it............ ae 
2. Sandstone, white to yellow, with streaks of argillaceous 


1, Sandstone, white with yellowish patches, partly covered at 
the base near river level. End of section at the level of 


The other section of special interest is that along Highway 16, extending 
for three miles southwest from the dam in Lanesboro, Minnesota, in which 
the Glenwood beds occur near the top of the grade at the State Highway 


Department quarry. 


Section along Highway 16, Lanesboro, Minnesota 


Platteville limestone 
21. Limestone, gray to buff, weathered, grading upward into soil 


20. Limestone, gray to buff, fossiliferous...........sessse0. 

19. Limestone, fossiliferous, compact, gray, thin-bedded, pon 
showing shaly partings, 

18. Limestone, sandy, gray, and calcareous gray sandstone..... 


17. Sandstone, yellow to brown, with iron crust at the top..... 


IX—BUuLL. Grou. Soc. Am., Vou. 46, 1935 


Thickness 
feet inches 
30 0 
0 8 
10 8 
17 0 
8 
0 4 
1 0 
0 8 
3 3 
5 6 
23 0 


Thickness 
feet inches 
2 0 

4 
5 0 
4 9 
1 2 

0 
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Glenwood beds 
16. Shale, argillaceous, blue to green, with a two-inch sand part- 
ing in the middle; Polychaeta and conodonts relatively 
15. Sand, yellow to brown, upper part slightly shaly ; water-worn 
conodonts abundant, with heavy residuals............... 1 2 
14. Shale, argillaceous, gray tO ZTeeN.........ceecescccccsceces 1 4 
13. Shale, argillaceous, olive green to darker green............ 1 0 
12. Shale, argillaceous, gray mingled with white sand.......... 0 6 
11. Shale, argillaceous, bluish green, soft and plastic, with yellow 
clay shale at the base......... 1 
St. Peter sandstone 
10. Sandstone, yellow, partly cemented by limonite............ 0 6 
9. Sandstone, yellow to brown, in some places red streaks...... 1 6 
8. Sandstone, massive, friable, medium- to fine-grained, cross- 
bedded in the upper part, frosted........... ieepeseonea, ae 0 
7. Covered interval of sandstone............ 0 


Shakopee dolomite 
6. Dolomite, calcareous, thin-bedded, in places oolitic. Large 


masses of calcite crystals show in cavities.............. . -™ 8 
5. Dolomite, calcareous, massive, with numerous calcite crystals 
glistening on the walls and in the cavities............ ‘ss ae 9 


New Richmond sandstone 
4. Sandstone, yellow to white, even-bedded, partly cemented. 
Much of the fresh rock is buff in color.................. 2 0 


Oneota dolomite 


3. Dolomite, arenaceous, hard, rough, massive............... 10 0 
2. Dolomite, massive, gray to buff or drab, with crystal-lined 


1. Dolomite, gray to buff, massive to thinner bedded, containing 
light gray chert, level of Root River above the dam at 
Lanesboro, Minnesota ............ 9 


THE GLENWOOD FAUNA 


Unfortunately, the St. Peter is poor in fossils. There are, however, a 
few well-preserved megascopic, and a great abundance of microscopic, 
fossils found in the Glenwood. The megascopic forms, referred to Platte- 
ville species, have long been known from the Minneapolis-St. Paul region.” 
The list of those known includes species belonging to the following genera: 

Climacograptus, Vinella, Lingula, Orthis, Pianodema, Platystrophia, Rafines- 
quina, Rhynchotrema, Strophomena, Lophospira, Conularia, and Pterygome- 
topus. 


7F. W. Sardeson: Description of the Minneapolis and St. Paul district, Minnesota, 
U. 8. Geol. Surv., Geol. Atlas, Folio 201 (1916) p. 6. 
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Some of the above genera are represented by several species, and the 
total list probably exceeds twenty. They all indicate a Platteville age. 
Although most of them have been found in the upper portion of the shale 
above the beds containing microscopic forms, they are not entirely limited 
to such beds, and many of the most characteristic Middle Ordovician forms 
have been found in the same bed with minute microscopic fossils. This 
would seem to suggest that the question of age affects the shale throughout 
this intermediate zone. The microscopic fauna is composed chiefly of 
Polychaeta and conodonts. Polychaeta® from the Glenwood include 
thirteen known species of which at least three are found at higher horizons. 
The conodonts are mostly new, but are closely related to those of the Platte- 
ville and the Decorah, on the one hand, and to those of the Harding ® 
sandstone, on the other. The Harding sandstone, a Colorado formation, 
has been correlated with the St. Peter sandstone of the Mississippi Valley. 
Among the conodonts, those belonging to the genus, Chirognathus, show 
this latter relationship especially well. They are peculiar forms, little 
known from localities other than Colorado, but their occurrence among the 
Glenwood fauna of the Mississippi Valley suggests a wider distribution 
for them than has hitherto been supposed. In general, the Glenwood 
species of Chirognathus are smaller, more delicate, and more transparent 
than those from the Harding sandstone, but the Glenwood forms show the 
same deep notch in the base, although in some cases the notch passes into 
a basal cavity. The apex of the notch, like the deepest part of the basal 
cavity, lies beneath the cusp. 

The total known species of Glenwood conodonts is between 85 and 90. 
In many ways it is a remarkable assemblage. Perhaps the most striking 
feature is the presence of the delicate, sharp-pointed, hand-like crests with 
the fibrous structure, which so closely resemble forms from the Harding 
sandstone of Colorado. Scarcely less remarkable is the lack of nearly all 
trace of the distinctive Joachim conodont fauna, which, in Missouri, occurs 
in beds overlying the St. Peter sandstone. Only a few doubtful specimens 
suggest that horizon, and these can just as easily be compared with species 
definitely from the Plattin, or Platteville, fauna. This is suggestive, for 
the Joachim lies on the St. Peter sandstone, and the Glenwood, occupying 
a similar position, is usually regarded as a transition zone from the St. 
Peter to the Platteville (Plattin). 

The most abundant species of Glenwood conodonts are those resembling, 
or identical with, Platteville and Decorah species. Thus, there appear to 

8C. R. Stauffer: Middle Ordovician Polychaeta from Minnesota, Geol. Soc. Am., Bull., 
vol. 44 (1988) p. 1173-1218. 


*E. B. Branson and M. G. Mehl: Conodont Studies, No. 1, Univ. Mo. Studies, vol. 8 
(1938) p. 19-88, pls. 1 and 2. 
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be two elements of the fauna, occurring together, and inseparable in the 
field. In fact, one picks the individual specimens separately from the same 
sample and the same bed. In discussing the assemblage here represented, 
with Branson and Mehl, they suggest a mixed fauna, and say that “it seems 
impossible otherwise to have such an assemblage of Chirognathid-like 
forms in a fairly typical Plattin (Platteville) fauna.”*° According to 
this interpretation, some of the Glenwood conodonts were derived from a 
fauna in the weathered beds of the upper portion of the St. Peter, more 
or less equivalent to the conodont-bearing member of the Harding sand- 
stone, and others from species living at the time of Glenwood sedimenta- 
tion. Branson and Mehl have found an even greater mixture of conodonts 
in a three-inch zone, of somewhat later date ; hence, they regard the Glen- 
wood fauna as a rather simple example of their more complicated problem. 
Their explanation of the apparent anomalous assemblage of conodonts 
seems a plausible one, but it is difficult to understand how the fine speci- 
mens of those delicate Chirognathid teeth, subjected to the hazards of 
weathering and erosion, could remain unbroken or unworn. Branson and 
Mehl recognize this difficulty, for they say, further, that “it is almost 
beyond belief that these fragile conodonts could weather such an experience 
and still be so bright and unworn in appearance.” *4 The problem is 
further complicated by the fact that among the forms regarded as later 
fauna, many of the teeth, and the fragmentary plates invariably occurring 
with them, show undoubted signs of erosion. In fact, some are rounded 
to ordinary pebble shapes, and are best described as such. Of course, this 
rounding could have occurred on the beach which was contemporaneous 
with the living animal, but it is difficult to understand why the same thing 
was not happening to the residual ones at the same time. Perhaps it is 
better to offer no explanation, and to regard it as a problem in sedimenta- 
tion. It should be pointed out, however, that Chirognathid forms and 
their allies, belonging to the presumably derived group, or residual, fossils, 
have the tough fibrous structure and are even today more durable in the 
handling process than are those that belong to non-fibrous forms. 

If the suggestion of Branson and Mehl is accepted, the Glenwood prob- 
ably represents a fluctuating condition of the sea advancing over the region. 
Part of the time, weathering and weak agencies of erosion were affecting 
the land area, and part of the time a shallow sea covered it. Corrasion 
zones and local unconformities within the Glenwood, or associated there- 
with, are in harmony with such an interpretation. The land area and the 
derived fossils may have been of St. Peter age, but the Glenwood sea was 


1° E. B. Branson and M. G. Mehl: letter dated February 1, 1934. 
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filled with Middle Ordovician life, and most of its fauna is of that age. 
Basal Glenwood sediments may be largely of St. Peter origin, and the 
bottom of the formation too intimately mingled with the loose sands 
derived from older beds to allow a definite contact to be drawn between it 
and the St. Peter, but the fossil-bearing Glenwood beds belong in the 
Mohawkian series, and are not much older than the Platteville limestone. 


DESCRIPTIONS OF GENERA AND SPECIES 
GENUS BELODUS Pander, 1856 


Translation—“From a long base there arises a rather high tooth, almost 
horizontal in position, which gradually converges toward the highly arched 
point. A rather prominent carina extends along the middle of the lateral faces 
from the base to half the height of the tooth, and several small, sharp-pointed 
denticles are attached to its concave edge up to one third of its height where 
the tooth is still rather wide.” ” 

One form in the Glenwood material evidently belongs to this genus. The base 
and the sharp end of the cusp are broken, but the cusp and the base merge, 
also the denticles arise from the side of the cusp, as in the typical form. 


Belodus lineatus Stauffer,“ 1930 
(Plate 12, figure 13) 


Figured specimen—B 4429, Geological Museum, University of Minnesota. 
Description.—This is a fragmentary specimen with base mostly broken away, 
but it shows the stout terminal cusp, with small denticles tending to develop up 
its side. 
Horizon and locality.—Glenwood beds, along Highway 14, one mile east of 
Dover, Minnesota. 
GENUS BRYANTODINA n. gen. 


Base, deep at anterior end, shallow at posterior, elongate, straight or slightly 
arched, and beneath the cusp having a shallow flaring cavity which extends 
farther along the deep, than along the shallow end of the base. The deep 
anterior end of the base may be due, in part, to lateral fusion of the basal 
portions of the anterior denticles. Usually the cusp is only slightly more 
prominent than the largest other denticle, and all stand nearly vertical to the 
base. Denticles of medium length, laterally flattened, and with keeled edges. 
There are usually four to six denticles in front of the cusp, and five to eight 
posterior to it. 

This genus resembles Bryantodus, and is, doubtless, related to it, but it 
differs from that genus in the deep, straight or slightly arched, excavated 
base, and in the relatively large size of the denticles, which are confluent only 
at, or near, the base. 

Genotype.—Bryantodina typicalis n. sp. 


Bryantodina compacta n. sp. 
(Plate 10, figures 15, 22, 31) 


Holotype.—B 4330; Paratypes: B 4337, B 4346; Geological Museum, Univer- 


sity of Minnesota. 
Description.—Base, or bar, straight or nearly so, and of medium depth, 
shallower at the posterior. Shallow flaring cavity extending throughout the 


122C, H. Pander: Monographie der Fossilen Fische des Silwischen Systems der Russich- 


Baltischen Gouvernements. St. Petersburg (1856) p. 30. 
43C. R. Stauffer: Conodonts from Decorah shale, Jour. Pal., vol. 4, no. 2 (1930) p. 128, 


pl. 10, fig. 20. 


132 C. R. STAUFFER—CONODONTS OF THE GLENWOOD BEDS 


greater part of the length of the base; widest and deepest beneath the cusp, 
tapering to the anterior and to the posterior. Base, light amber colored, cusp 
and denticles white in the specimens available, but this is, probably, not a 
specific characteristic. Cusp, centrally located, inclined slightly to the posterior. 
There are five denticles in front of the cusp, and perhaps a sixth crowded in at 
the anterior base. The three or four denticles immediately anterior to the 
cusp are usually smaller than the others. The anterior two denticles are 
strong and erect or parallel to the cusp. Posterior to the cusp are four strong 
denticles of nearly equal size. All denticles are set nearly perpendicular to 
the bar. Cusp and denticles are laterally flattened, keeled and fused along 
their edges, throughout the major part of their lengths. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Bryantodina digna n. sp. 
(Plate 10, figure 34) 


Holotype.—B 4349; Geological Museum, University of Minnesota. 

Description.—Base, thin, slightly arched, shallow at the posterior, rather 
deep in front. Basal excavation, shallow, narrow, and only slightly accentuated 
beneath the cusp. Cusp, strong, erect, laterally compressed, and with sharp 
edges. Three small denticles anterior to the cusp succeeded by a longer, 
prominent denticle, and then by a small denticle on the anterior end. Posterior 
to the cusp are three large denticles, succeeded by three or four small ones. 
Cusp and denticles, flattened, sharp-edged, and, with the exception of the last 
three or four, having their bases fused along the edges. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Bryantodina dissimilis n. sp. 
(Plate 10, figure 17) 


Holotype.—B 4332; Geological Museum, University of Minnesota. 

Description.—Base, nearly straight, of moderate depth, bulging slightly along 
a median lateral line, and slightly excavated on the under side. Cusp of 
medium size and slightly inclined to the posterior. Anterior to the cusp are 
four small denticles, of which the first barely cuts the upper edge of the bar. 
These are succeeded by a single denticle, forming the anterior end of the series. 
Posterior to the cusp are probably five or six denticles, of which two large ones 
have been preserved and a small one next to the cusp, not cutting the denticu- 
lated margin but shown by transmitted light through the transparent bar. 
Cusp and denticles, closely set, keeled, and with their edges confluent through- 
out half their length. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Bryantodina excelisa n. sp. 
(Plate 10, figures 35, 33) 


Holotype.—B 4350; Paratype: B 4348; Geological Museum, University of 
Minnesota. 

Description —Base, straight, of nearly uniform depth, excavated or hollowed 
on the under side, margins of hollow, flaring outward beneath the cusp. Cusp, 
elongate, sub-central in position, flattened, and with sharp edges. There are 
four sub-equal denticles in front of, and five posterior to, the cusp. The first 
three posterior denticles are of approximately the same size; the last two are 
smaller. Apices of cusp and denticles are nearly in the same plane. 

Horizon and locality —Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 
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Bryantodina inaequalis n. sp. 
(Plate 10, figure 39) 


Holotype.—B 4354; Geological Museum, University of Minnesota. 

Description—Base, slightly arched, thin, fairly deep; excavation on under 
side, narrow, and only slightly more pronounced beneath the cusp. Cusp, 
central, strongly developed, and slightly inclined toward the posterior. There 
are seven sub-equal, sharp, closely spaced denticles on the anterior limb of the 
bar, and eight unequal denticles, of which the first four are small, on the 
posterior limb. Cusp and denticles, laterally compressed, sharp-edged, and 
more or less parallel. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Bryantodina incurvata n. sp. 
(Plate 10, figures 13, 14) 


Cotypes.—B 4828 and B 4329; Geological Museum, University of Minnesota. 

Description.—Base, thin and narrow, having, on the under side, a shallow 
groove which expands as a wide but shallow cavity beneath the cusp. Posterior 
part of base, curved sharply inward. Cusp, strong, perpendicular to base, or 
nearly so, and preceded by four or five denticles, any one of which may be 
nearly equal to the cusp in size. Succeeding the cusp are eight, or more, 
denticles of gradually decreasing size, the last ones inclining toward the 
posterior, with the final one almost horizontal. Denticles, with edges confluent 
throughout three-fourths of their length. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Bryantodina informis n. sp. 
(Plate 10, figure 49) 


Holotype.—B 4364 ; Geological Museum, University of Minnesota. 

Description.—Base, of nearly uniform depth, slightly arched just anterior 
to center, and with narrow furrow-like excavation that expands slightly 
beneath the cusp. The cusp is large, sub-central, and directed slightly to the 
posterior. Three sub-equal denticles occupy the anterior portion, and six or 
seven unequal denticles occupy the posterior portion, of the bar. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Bryantodina leviculea n. sp. 
(Plate 10, figure 20) 


Holotype.—B 4335 ; Geological Museum,. University of Minnesota. 

Description.—Base, thin, relatively deep, slightly arched; excavation on 
under side of base rather wide but shallow, with its margins flaring out around 
the cavity beneath the cusp. The cusp is laterally flattened, sharp-edged, in- 
clined slightly to the posterior, and inward. Denticles are all flattened, sharp- 
edged, and sharp pointed. There are three or four anterior denticles, which 
stand nearly erect, and there are five or six posterior denticles, which tend 
to parallel the cusp. Edges of cusp and denticles become slightly confluent 
near the base. The base is transparent and of a pale amber color. Cusp and 
denticles are white, and penetrate the base, as is commonly the case in this 
type of tooth. 

Horizon and locality —Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 
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Bryantodina limata n. sp. 
(Plate 10, figures 36, 30) 


Holotype.—B 4351; Paratype: B 4345; Geological Museum, University of 
Minnesota. 

Description.—Base, long, slightly arched, of uniform depth and thickness, 
excavated lightly along under side. Anterior limb carries five or six small 
denticles, which incline slightly inward and tend to become confluent in their 
lower part; posterior limb carries six or eight denticles, which incline slightly 
outward. Cusp, sub-central, slightly flattened, and about twice as long as the 
more prominent denticles. The denticles next to the cusp are relatively small. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Bryantodina mazima n. sp. 
(Plate 10, figure 28) 


Holotype.—B 43438 ; Geological Museum, University of Minnesota. 

Description—Base, elongate, thick, slightly arched, and slightly excavated 
on the under side. A rounded ridge extends the full length of the base on the 
oral side. Anterior limb of the base bears eight, or more, partly fused short 
denticles. Posterior limb is missing, but probably bears a similar series of 
denticles. Cusp, probably in, or near, the middle and extending down across 
the base as a bifurcating ridge on the outer, or aboral, side. On the oral side 
the cusp is strongly buttressed, and its lower portion flares out into the expanded 
edge of the shallow cavity. Cusp is relatively large, slightly flattened laterally, 
and nearly vertical. 

Horizon and locality.—Glenwood beds, Lieb Quarry, Faribault, Minnesota. 


Bryantodina parva n. sp. 
(Plate 10, figure 27) 


Holotype.—B 4342; Geological Museum, University of Minnesota. 

Description.—Base, thin, posterior portion arched, with six, nearly equal, 
widely separated, broad denticles. Anterior portion, broken, with only two, 
slightly taller denticles, confluent at the base, preserved. A shallow cavity 
with widely flaring sides lies chiefly beneath the large straight cusp, which, 
like the denticles and base, is much compressed laterally. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Bryantodina typicalis n. sp. 
(Plate 10, figures 23, 16, 18, 19, 24, 25, 29) 


Holotype.—B 4338 ; Paratypes: B 4331, B 4333, B 4334, B 4339, B 4840, B 4344; 
Geological Museum, University of Minnesota. 

Description.—Base, deep anteriorly, the shallow cavity on the under side, 
with a thin flaring flange, or margin, extending orally. Base, little arched, 
and the slightly enlarged cusp just anterior to the middle. Of the five, rela- 
tively slender denticles in front of the cusp, the first two or three are smaller. 
Posterior to the cusp there is usually a small, inconspicuous denticle, then a 
series of seven or eight, which gradually decrease in size toward the extremity. 
On the specimens described, as the base is transparent and almost colorless, 
and cusp and denticles are white, they can be seen to penetrate the base. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 
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Bryantodina sp. 
(Plate 10, figure 21) 


Figured specimen.—B 4336; Geological Museum, University of Minnesota. 

Description—A fragmentary specimen, probably belonging to this genus. 
Cusp, if reconstructed, should appear to the left in the drawing. Specimen 
has the erect, slender denticles so common in this genus, but there are rather 
too many for either limb, and the base seems to lack the characteristic type 
of excavation. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


GENUS CHIROGNATHUS Branson and Mehl, 1933 


Original Description.—‘Complex jaw pieces consisting of more or less conical 
denticles of unequal sizes, fused at the bases to a more or less hand-shaped 
unit which is cupped or excavated on the inner aboral side to receive the end 
of the jaw. There is no ‘pulp cavity’. On the contrary the units are so closely 
fused to the jaw as to retain a part of it. The structure of the denticles is 
fibrous as in Stereoconus and the appearance in reflected and transmitted light 
is much the same as in that genus.” 

In the Glenwood, species belonging to this genus are usually transparent, 
pale amber colored, and many of them are perfectly preserved. The base is 
short, sub-triangular, and usually with a deep pit, or notch, on the lower side 
beneath the cusp. Some of these pits still retain a part of the jaw, but most 
of them are empty. From the notch, or cavity, a well developed narrow groove 
extends in either direction to the ends of the base. The upper margin of the 
bar is provided with slender, sharp, keeled denticles and a cusp. These all 
curve, claw-like, in the same direction out of the plane of the base. The den- 
ticles are usually of varying length, but the one at the apex, or angle, of the bar 
is generally the longest and most pronounced; hence, is considered the cusp. 
In some cases, however, one or two of the other denticles are as large as, or 
larger than, the cusp. 


Chirognathus admirandus n. sp. 
(Plate 9, figures 6, 16, 22) 


Cotypes.—B 4278, B 4288, and B 4294; Geological Museum, University of 
Minnesota. 

Description.—Base, short, slightly compressed, with a notch on the under, 
and inner, side deepest beneath the cusp, which is only slightly smaller than 
the largest denticle. Of the eight to ten denticles usually preserved, all are 
large, except the slender third, and possibly the fifth, sharp pointed, with 
keeled sharp edges confluent well above the base. Anterior denticles are more 
compressed and curve inward more strongly than the others; the last two of 
these may be small, but these are often broken off. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Chirognathus alternatus Branson and Mehl,” 1933 
(Plate 9, figure 31) 


Figured specimen.—B 4303; Geological Museum, University of Minnesota. 

Description—Base, short, arched, and deeply notched beneath the cusp. 
Cusp is third from the anterior, is laterally flattened, and shows well developed 
keels. Anterior denticle is almost as large as the cusp, and the denticle between 


4H. B. Branson and M. G. Mehl: op. cit., p. 28. 
%E. B. Branson and M. G. Mehl: op. cit., p. 30, pl. 2, figs. 16, 17, 19, 32. 


iy 
a 


136 C. R. STAUFFER—CONODONTS OF THE GLENWOOD BEDS 


is only slightly reduced. The four or five posterior denticles are much smaller, 
irregular in size, and constitute an unimportant part of the armature. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Chirognathus delicatulus n. sp. 
(Plate 9, figures 1, 2, 3, 5, 7, 8, 9, 10, 11, 12, 13, 17, 18, 19, 21) 


Cotypes.—B 42738, B 4275, B 4279, B 4281, B 4282, B 4283, B 4284, B 4290, 
B 4291, B 4293; Paratypes: B 4274, B 4277, B 4280, B 4285, B 4269; Geological 
Museum, University of Minnesota. 

Description.—Base, thin, shallow, with a pronounced basal cavity flaring 
beneath the cusp and continuing as a tapering groove toward the extremities. 
Cusp, long, slender, and posteriorly inclined. There are four to five, possibly 
six, denticles on the anterior dental margin, which may be slightly twisted, 
‘with the denticle next to the cusp, small, slender, and closely clinging, and the 
front one, short, stout, with outer margin curved. The posterior series, also, 
consists of four to five denticles, the one next to the cusp being set close and 
the two posterior ones being relatively small. Keeled edges of cusp and den- 
ticles tend to unite laterally near the base, and, especially in front of the cusp, 
often give a webbed appearance. Different variations of this species are shown. 
Both the oral and the aboral faces are given. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Chirognathus duodactylus Branson and Mehl, 1933 
(Plate 9, figure 29) 


Figured specimen.—B 4301; Geological Museum, University of Minnesota. 

Description—Base, short, thick, notched or excavated on the under side, 
with the jaw fragment still in place. Denticulate margin bears a series of 
half a dozen denticles of variable sizes and lengths, all strongly curved inward ; 
the first and last, small; the others intermediate ; the second from the anterior, 
overpowering, preceded by the cusp, which is usually second in prominence. 
Cusp and larger denticles, all keeled, have a cross-section which is moderately 
convex on the outer side and strongly convex on the inside. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Chirognathus eucharis n. sp. 
(Plate 9, figures 23, 27, 28, 34) 


Cotypes.—B 4299, B 4306; Paratypes.—B 4295, B 4300; Geological Museum, 
University of Minnesota. 

Description.—Base, thick, deeply cut by denticles, rounded in front, basal 
notch, or excavation, narrow, slightly flaring, and deepest beneath the cusp. 

Cusp, sub-central, curving, and only slightly larger than either of the two 
anterior denticles. Three denticles in front of, and three to four behind, the 
cusp. Denticle immediately in front of the cusp is small, and those posterior 
to it, although variable, are only slightly larger. Cusp and denticles are 
fiattened on the outer side, rounded on the inner; all have keeled edges which 
usually become confluent toward the base. 

Horizons and localities.—Upper part of the Glenwood beds, along Highway 
16, three miles southwest of Lanesboro, Minnesota, and Glenwood beds, Lieb 
Quarry, Faribault, Minnesota. 


1 E. B. Branson and M. G. Mehl: op. cit., p. 28, pl. 2, figs. 1, 2, 4. 
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Chirognathus expatiatus n. sp. 
(Plate 9, figure 4) 


Holotype.—B 4276; Geological Museum, University of Minnesota. 

Description.—Base, thin, flattened, with a deep notch tending toward a 
cavity beneath the cusp. Cusp, flattened, curved regularly inward, as are the 
other denticles. Denticle immediately anterior to the cusp is much larger and 
longer than the cusp. On the anterior margin there is one small slender 
denticle. Posterior to the cusp there are five, laterally flattened denticles, 
which coalesce along their thin keeled edges toward the base. These latter 
become progressively shorter and laterally more flattened. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Chirognathus hamatus n. sp. 
(Plate 9, figure 33) 


Holotype.—B 4305 ; Geological Museum, University of Minnesota. 

Description.—Base, short, deep, with a deep triangular notch, or excavation, 
on the under side, beneath the cusp. Cusp, long, slender, laterally compressed, 
and keeled. Anterior to the cusp is a short, sharp denticle, preceded by three 
stout elongate denticles, which approach the size of the cusp. On the posterior 
side, five small denticles succeed the cusp, the middle one being about twice 
as long as any one of the others. Cusp and denticles are arched inward, 
laterally flattened, and partly confluent near the base. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Chirognathus idoneus 0. sp. 
(Plate 9, figure 24) 


Holotype.—B 4296 ; Geological Museum, University of Minnesota. 

Description.—Base, short, highly arched, deeply notched, or excavated, on 
the under side. Cusp, sub-central, strongly developed, slightly arched, and 
curved backward. Anterior to the cusp are two large denticles, and there are 
four or five much smaller ones on the posterior limb. Keels, especially well 
developed on the cusp and large anterior denticles. Between the cusp and the 
first denticle anterior to it, these keeled edges almost unite, well up along 
their sides. Essentially all of them unite above the base. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Chirognathus invictus n. sp. 
(Plate 9, figure 43) 


Holotype.—B 4315; Geological Museum, University of Minnesota. 

Description.—Base, short, thick, deep, more or less conical, appearing as a 
great expansion of the cusp. Excavated on under side. Apex of the base with 
a strongly buttressed, long, sharply pointed, keeled cusp, the cross-section of 
which is roundly convex on the other side and strongly convex inside. The 
margins of the base are provided with two or three slender, sharp, keeled 
denticles, which curve with the cusp toward the oral side. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Chirognathus irregularis n. sp. 
(Plate 9, figure 32) 


Holotype.—B 4304; Geological Museum, University of Minnesota. 
Description.—Base, essentially triangular, slightly curved; under side with 
a long deep V-shaped notch, or excavation, which has its apex beneath the 
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third denticle, and which is, thus, to be identified as the cusp. Anterior denticle 
is larger; second denticle is small. Cusp is third from the anterior, and is 
succeeded by at least four sub-equal denticles. Cusp and denticles are laterally 
compressed, curving inward slightly to the posterior. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Chirognathus lanesboroensis n. sp. 
(Plate 9, figure 14) 


Holotype.—B 4286 ; Geological Museum, University of Minnesota. 

Description.—Base, slightly elongate; basal notch, small, but well developed. 
Cusp, long, slender, keeled, curving slightly towards oral side. In front of 
the cusp, and widely separated from it, is a single denticle. Posterior to the 
oo are four slender gradually diverging denticles, of which the second is the 
arger. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Chirognathus magnificus n. sp. 
(Plate 9, figure 25) 


Holotype.—B 4297 ; Geological Museum, University of Minnesota. 

Description.—Base, strongly convex on the outer side, with deep basal tri- 
angular notch, or excavation, showing chiefly on the inner side. Cusp and 
denticles, laterally flattened, with their keeled lateral edges confluent at the 
base. Bases of cusp and denticles can be traced deep into the general base of 
the tooth, and all are strongly arched orally. Anterior denticle, small; second 
denticle and the cusp, which is at the apex of the basal cavity, are somewhat 
larger than the others. The six denticles succeeding, or posterior to, the cusp 
gradually decrease in size. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Chirognathus multidens Branson and Mehl,” 1933 
(Plate 9, figures 39, 40) 


Figured specimen.—B 4311; Geological Museum, University of Minnesota. 

Description—A broadly fan-shaped unit with elongate, shallow, gently up- 
ward arched base. Base, showing slight, longitudinal, line-like groove, but 
without distinct excavations. Cusp, central or sub-central in position, with a 
slight bulbous swelling on the base beneath it. Denticles, six to eight on 
either side of the cusp, laterally compressed, with edges confluent throughout 
half, or more, of their length, the whole assemblage presenting a concave oral 
surface. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway No. 
52, two miles north of Fountain, Minnesota. 


Chirognathus quadridactylus n. sp. 
(Plate 9, figure 35) 


Holotype.—B 4307 ; Geological Museum, University of Minnesota. 

Description.—Base, thick, rather deep, with a large excavation beneath the 
cusp. The cusp, set out of line with the denticles and heavily buttressed at 
the base, is long, flattened, with aboral edge, keeled. Four denticles of de- 
creasing length occupy the posterior portion of the base. The anterior may, 
or may not, have denticles. The denticles are laterally compressed, and have 


17K. B. Branson and M. G. Mehl: op. cit., p. 84, pl. 2, fig. 43. 
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sharp points and edges. Both cusp and denticles curve inward sharply just 
above the base. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Chirognathus radiatus n. sp. 
(Plate 9, figure 15) 


Holotype.—B 4287 ; Geological Museum, University of Minnesota. 

Description.—Base, stout, with a broad basal notch which is not a true 
cavity. Dental series, consisting of eight denticles, the largest of which is 
next to the anterior end and exceeds the cusp, rising from the apex, or highest 
point, on the base. Anterior denticle is small and sharp, scarcely half the size 
of the second, or largest, of the series. The two denticles immediately posterior 
to the cusp are slender and shorter than those adjacent. Posterior denticle has 
a broad base, which may have had a small denticle on it. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Chirognathus scalenus n. sp. 
(Plate 9, figures 20, 26) 


Holotype-—B 4292; Paratype.—B 4298; Geological Museum, University of 
Minnesota. 

Description—Base, short, thick, with a deep, rounded notch on the lower 
side, which is best shown on the inner side. Part of the jaw still clinging to 
the base filling the notch. Although cusp and denticles are irregular in size 
and length, all curve inward, are keeled and slightly confluent near the base. 
Cusp, third from the anterior, and no larger, or only slightly larger, than the 
denticles that follow. The anterior and one or two posterior denticles are 
small, the total armature consisting of the cusp and eight or ten pointed 
denticles. The forms referred to this species are somewhat variable. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Chirognathus tenuidentatus n. sp. 
(Plate 9, figure 36) 


Holotype.—B 4308 ; Geological Museum, University of Minnesota. 

Description.—Base, short, thick, notched but not excavated. Cusp, long, 
slender, sharp-edged, and curved orally. Small denticle in front of cusp, the 
latter followed by two or three small slender denticles, then a long slender 
denticle two thirds the length of the cusp, and finally a short one. Ali these 
curve inward. 

Horizon and locality.—Glenwood beds, Lieb Quarry, Faribault, Minnesota. 


Chirognathus unguliformis n. sp. 
(Plate 9, figure 41) 


Holotype.—B 4313; Geological Museum, University of Minnesota. 

Description.—Base, short, thick, slightly arched, notched or slightly exca- 
vated on the under side. Cusp and denticles, long, slender, curving orally, 
and with their keeled edges confluent near the base. In cross-section both are 
gently convex on outer side, sharply convex on the inner side. Cusp and 
denticle immediately in front about equal in length, which is twice that of the 
remaining denticles. Anterior denticle is slender. Two denticles anterior to, 
and four denticles posterior to, the cusp. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 
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GENUS CYRTONIODUS n. gen. 


Bar, or base, relatively thick, and deep anteriorly, tapering toward the 
posterior. It is slightly arcuate at right angles to the plane of the denticles. 
Under side of base is either notched or excavated throughout most of its length, 
with deepest portion of notch, or cavity, beneath the cusp at the anterior end. 
Cusp, stout, flattened, keeled, curved out of line with the denticles, and extend- 
ing to a blunt point below the bar. Denticles, fiattened, usually five or six, 
perhaps more, directed toward the posterior, and sub-equal in size. Denticulated 
edge may be slightly arched. 

Genotype.—Cyrtoniodus complicatus, n. sp. 


Cyrtoniodus complicatus n. sp. 
(Plate 11, figures 44, 46, 48, 49, 50, 51) 


Cotypes.—B 4409, B 4411, B 4413, B 4414, B 4415, B 4416; Geological Museum, 
University of Minnesota. 

Description.—Bar, or base, excavated throughout nearly the entire length, 
the hollow being deepest, widest, and somewhat flaring, near the anterior end, 
beneath the cusp. The bar is slender, and increases in depth toward the 
anterior, where it terminates in the large laterally compressed cusp with 
keeled edges. The stout cusp curves slightly out of line with the denticulated 
edge, and its aboral extremity extends to a blunt point below the bar. Cusp 
followed by five or six sub-equal, backwardly inclined denticles. Posterior end 
of bar tapering almost to a point. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Cyrtoniodus erectus n. sp. 
(Plate 9, figures 30, 37, 38) 


Cotypes.—B 4302, B 4309, B 4310; Geological Museum, University of Min- 
nesota. 

Description.—Base, much reduced, seemingly formed only by the fused bases 
of cusp and denticles. It is notched without distinct excavation. Cusp is 
anterior, large, long, arched, strongly keeled, and with its base projecting 
beneath the bar. Cusp is followed by a series of five or six strongly keeled 
denticles, which fuse laterally ; the first two or three increase in length, and 
then the others decrease gradually to the posterior end. Although the keels 
are well developed on the blade-like cusp and the denticles, they have convex 
lateral cross-sections. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


GENUS DICHOGNATHUS Branson and Mehl,* 1933 


Original description.—“Complex units consisting of an antero-posteriorly (7?) 
elongate, arched row of denticles with deeply excavated and more or less 
laterally flared base ; an approximately mid-length recurved denticle the largest. 
Lateral surface of unit markedly offset inward immediately anterior to largest 
denticle and aborally extended beneath outer side of largest denticle. Arch in 
front of and behind largest denticle of varied length and crowned with a few 
denticles.” And then on the later pages the authors remark that “this genus 
is represented by a large number of specimens in our Plattin collections, an 
abundance that makes specific segregation difficult. Markedly different forms 
are evident in almost every sample studied, but little difficulty is encountered 
in arranging completely gradational series. For convenience we have selected 
a few distinct forms as ‘trends’ which we here record as species regardless of 
the fact that we sometimes find it difficult to decide to which species a given 
specimen should be referred.” 


14 E. B. Branson and M. G. Mehl: op. cit., p. 85, 112-113. 
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The Glenwood specimens belonging to this genus have a base with three 
margins, or edges, all of which may be denticulated. These three become the 
limbs that embrace the basal cavity. Two of them, or the most important 
edges, meet to form almost a right angle at the cusp, but with the denticles 
inclined outward. The third edge is usually smooth, but may have a few 
denticles, and is a continuation, below the base, of the outer margin of the 
cusp; in fact, it may be defined as such. The main denticulated edges have 
three to six, small, sub-equal denticles on each limb. The cusp is slender, 
sharp-pointed, triangular in cross-section, with base outward, and the angles 
of the cross-section forming keels which pass into the denticulated margins, 
or edges. 

Dichognathus peculiaris n. sp. 


(Plate 11, figures 1, 4, 6, 11) 


Cotypes.—B 3466, B 4369, B 4371, B 4376; Geological Museum, University 
of Minnesota. 

Description.—Base, with a deep excavation that extends to posterior and 
interior, but not to the anterior, denticulated bars. Edge of the posterior limb 
has half a dozen or more denticles, the inner has three or more, and the 
anterior, or prolongation of the cusp, has one, well-developed denticle. All 
denticles are short, laterally compressed, and tend to become confluent near 
the base. Cusp, long, sharp-pointed, and nearly straight. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Dichognathus typicus Branson and Mehl,” 1933 
(Plate 11, figures 2, 3, 5, 8, 10) 


Figured specimens.—B 4367, B 4368, B 4870, B 4873, B 4375; Geological 
Museum, University of Minnesota. 

Description.—Base, more or less triangular, two of its edges, posterior and 
interior, being denticulate. Anterior edge of the base is formed by the down- 
ward projection of the cusp, and is smooth. Basal excavation, deep and broad. 
Denticulated edges meet at nearly a right angle, and each bear from four to 
seven, sub-erect denticles. Cusp curves gently, is laterally flattened, and rises 
from the angle formed by the two main limbs of the base. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Dichognathus variabilis n. sp. 
(Plate 11, figure 7) 


Holotype.—B 4372; Geological Museum, University of Minnesota. 

Description.—Base, with two limbs forming an angle of about 45°, under 
side slightly excavated, with shallow cavity. Cusp, at apex of basal angle, and 
extending below the bar about one-third its length to a rounded termination. 
The slightly arched cusp also extends half its width anterior to the junction 
with the smaller, or inner, limb of the bar. On the outer limb of the bar the 
cusp is followed by three small denticles, and then has an unusually large one, 
which rivals the cusp and simulates it in form and general appearance. The 
inner limb has a small denticle next to the cusp, and then a larger outer one. 
Although the end of the inner limb is broken off, it appears to have only the 
two denticles, the balance probably being smooth. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


29 E. B. Branson and M. G. Mehl: op. cit., p. 118, pl. 9, figs. 27-29. 
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GENUS DISTACODUS Hinde,” 1879 


Replaces the pre-occupied Machairodus Pander. 

Concerning this genus, Hinde says: “I propose to substitute this name for 
Pander’s Machairodus, the latter having been long preoccupied by Kanp.” 

Translation of Pander’s original description of Machairodus.—“Differently 
bent teeth are included under this name; both convex lateral faces grade into a 
more or less sharp-edged carina. With that type which comes closest to the 
Drepanodae, the cross-section is rhombic with four even faces; with the other 
types, the carinae protrude sharply from the lateral faces. Although both 
lateral faces of many forms are not symmetrical and although the carina of 
one side often is sharp and narrow and that of the other side dull and broad, 
this does not seem sufficient reason for separating them.” 

The specimens from the Glenwood beds referred to this genus appear to be 
of the last indicated varieties. They have slightly excavated bases, strong 
curvature, and weakly developed lateral carinae. 


Distacodus bicurvatus n. sp. 
(Plate 12, figure 18) 


Holotype.—B 4434; Geological Museum, University of Minnesota. 

Description—Base, consisting of a slight expansion of the basal end of the 
cusp. Cavity, large and deeply conical. Cusp, long, curving abruptly near the 
base to nearly a right angle, and with a slight twist in the shaft of the cusp. 
Cusp, circular in cross-section, but with two carinae on the basal oral side. 
These carinae are formed by the inset of the inner curved face, below that of 
the general circular outline. Cusp is a deep amber color, and makes up the 
complete armature. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Distacodus falcatus n. sp. 
(Plate 12, figure 16) 


Holotype.—B 4432; Geological Museum, University of Minnesota. 

Description.—Base, formed by the expanded lower part, little larger than 
the cusp or blade. Cusp rises abruptly from the base, is slightly curved and 
twisted, then at mid-length sharply bent or curved nearly at right angles to 
the basal portion. Cross-section of cusp showing two curves, the one with the 
lesser curvature on the inner side, and with slight offset where the two curved 
surfaces meet, producing the effect of weakly developed keels, or longitudinal 
grooves. 

Horizon and locality Glenwood beds, Lieb Quarry, Faribault, Minnesota. 


Distacodus longus n. sp. 
(Plate 9, figure 42) 


Holotype.—B 4314; Geological Museum, University of Minnesota. 

Description.—Base, short, conical, and with a deep conical cavity. Cusp. 
long, slender, and slightly curved near the base. Transparent and with lateral 
keels. Under high power there appears to be a fine capillary tube from the 
top of the basal cavity. The structure is evidently fibrous as in the genus, 
Chirognathus, and this may be sufficient cause for separating it from the genus 
to which it is here referred. 

Horizon and localityUpper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


*G. J. Hinde: On conodonts from the Chazy and Cincinnati group of the Cambro- 
Silurian and from the Hamilton and Genesee shale divisions of the Devonian in Canada 
and the United States, Geol. Soc. London, Quart. Jour., vol. 35 (1879) p. 357. Replaces 
the pre-occupied Machairodus Pander. See C. H. Pander: op. cit., p. 22.° 
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GENUS ERISOMODUS Branson and Mehl,” 1933 


Original description—‘More or less bar-like arched units with median or 
apical cone the somewhat excavated base of which is emphasized by a buttress 
on each side, that of the outer face extending as a boss or process below the 
aboral margin of the arched bar. Oral edge of bar produced into a few low 
rounded denticles. In some species bar very short and non-denticulate. The 
bar excavated lengthwise on the aboral side to clasp the jaw.” 

In the Glenwood species the space between the basal limbs and the buttressed 
continuation of the cusp is filled in, and, thus, the whole base is given a stout 
solid appearance. Both limbs of the base appear to bear denticulations, and 
these may have been pointed. The under side of the base is a wide open cavity, 
or excavation. 

Erismodus tontus n. sp. 


(Plate 12, figure 7) 


Holotype.—B 4423 ; Geological Museum, University of Minnesota. 

Description.—Base, triangular, thick, deep, slightly excavated. Buttressed 
basal portion of the cusp extends down along the median oral surface of the 
base as a rounded ridge. Cusp, strong, slightly keeled, and bending abruptly 
orally to form almost a right angle with the median portion of the base. Ante- 
rior to the cusp is a row of five, short, stout denticles, and posterior to it is a 
row with two or more similar denticles. 

Horizon and locality——Glenwood beds, Lieb Quarry, Faribault, Minnesota. 


GENUS EUPRIONIODINA Ulrich and Bassler,” 1926 


Original Description.—“Like Prioniodina but main cusp much more produced, 
and interior part of bar, smaller, shorter, more sharply deflected and carrying 
on its upper edge a series of closely arranged denticles.” The authors further 
remark that “the general aspect is that of a Prioniodus with the downward 
projection of the main cusp bearing denticles.” Pander’s original description 
of Prioniodus is very general and admits many species no longer thought suf- 
ficiently related to belong to the same genus. Prioniodina, however, is more 
intimately defined, thus—‘“Base of tooth more or less curved, crowned with 
numerous, sub-parallel, rounded, discrete denticles all inclined in one direction, 
one of which located in the median third, is considerably larger than the 
others.” 

This is a rather rare genus in the Glenwood beds, but the few forms that 
have been referred to it seem distinctive. 


Euprioniodina insigna n. sp. 
(Plate 10, figure 26) 


Holotype.—B 4341; Geological Museum, University of Minnesota. 

Description.—Bar, of nearly uniform depth, with an angle near the center; 
shallow, flaring cavity beneath the cusp, drawn out into a groove toward the 
extremities of the base. Cusp, at apex of the angle curving forward, sharp- 
edged, and slightly twisted. In front of the cusp are preserved three small 
denticles ; doubtless, as many more are broken off, but they are not restored in 
the drawing. Posterior to the cusp are six, unequal, laterally compressed, 
sharp-edged denticles, which tend to curve into line with the cusp. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


21K. B. Branson and M. G. Mehl: op. cit., p. 25. 
2. O. Ulrich and R. S. Bassler: A classification of the toothlike fossils, conodonts, 


with descriptions of American Devonian and Mississippian species, U. 8S. Nat. Mus., Pr., 
vol. 68 (1926) p. 29. 


X—BULL. Grou. Soc. AM., Vou. 46, 1935 
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Euprioniodina robusta Stauffer,* 1930 
(Plate 11, figure 29) 


Figured specimen—B 4394; Geological Museum, University of Minnesota. 
Description—A fragmentary specimen, showing a few denticles. It appears 
to be indistinguishable from the type. The base shows a sub-basal excavation, 
with its deepest portion beneath the cusp. 

Horizon and locality.—Upper Glenwood beds, Washington Avenue Bridge, 
Minneapolis, Minnesota. 


GENUS GYROGNATHUS n. gen. 


Base, thick, highly arched, neither limb straight, but slightly twisted in oppo- 
site directions. Cusp, just posterior to the highest part of the arch. Under side 
of base, excavated throughout and deepest beneath the cusp. 

Cusp, of moderate size, preceded by two small denticles and then by a series 
of five or six large stout denticles, decreasing in size toward the anterior. 
Posterior limb of the base has three or four similar denticles. 

Genotype.—Gyrognathus primus, n. sp. 


Gyrognathus primus n. sp. 
(Plate 12, figures 8, 9) 


Cotypes.—B 4424 and B 4425; Geological Museum, University of Minnesota. 

Description.—Base, thick in the middle, tapering to both ends, highly arched, 
twisted, excavated throughout along under side, and with a deep pocket-like 
cavity beneath the cusp. Limbs of the base, uniting in a rounded angle, with a 
twist at the union. Cusp, not pronounced, stout, and only slightly flattened 
laterally. Short posterior limb of the base bears three or four stout denticles; 
two smaller ones occupy the rounded angular apex of the base; and then occur 
five, or more, stout, slightly backward projecting denticles, which decrease 
regularly in size. Assumed anterior and posterior ends are not fixed with 
certainty. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


GENUS LONCHODUS (CENTRODUS) Pander,™ 1856 


Translation.—Very slender vertical, inclined or bent teeth which are directed 
in one or two different ways, and which rest on a horizontal base. . . . Smaller 
denticles may arise between the larger one. . . . The general character of the 
genus may be defined as slender, pointed and lameller teeth, occurring singly or 
interchanging with small teeth of varying size and number, and which rest on a 
horizontal or convex base.” 

In commenting on this genus, Ulrich and Bassler®™ state that “the genus 
Lonchodus originally described as Centrodus by Pander but changed by him to 
Lonchodus on account of priority is undoubtedly based upon broken incomplete 
remains of teeth which as our illustrations show might belong to any one of 
several distinct genera. As it is probable that the true characters of the genus 
now can not be accurately determined the only use we can suggest for the name 
is to continue to employ it for species based upon similar imperfect and ge- 
nerically indeterminable material.” There is every reason to believe that this is 
true of the Glenwood material referred to this genus. Even so, it serves a 
certain useful purpose, and is probably well worth retaining. ; 


2%C. R. Stauffer: Conodonts from Decorah shale, Jour. Pal., vol. 4 (1980) p. 123, pl. 
10, fig. 1. 

% Pander: op. cit., p. 31. 
% FE. O. Ulrich and R. S. Bassler: op. cit., p. 42, U. S. Nat. Mus. 
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Lonchodus dentatus Stauffer,” 1930 
(Plate 10, figures 10, 11) 


PP te ont specimens.—B 4425 and B 4426; Geological Museum, University of 
nesota. 

Description.—Base, thick, solid, slightly twisted, and with a slight excavation 
on the under side. Denticles, rather short, stout, only slightly flattened later- 
ally, and divergent. No true cusp, but five or more sub-equal denticles. The 
twist of the base seems to be responsible for throwing the denticles out of line 
with the axis of the tooth. ; 

Horizons and localities —Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota, and upper Glenwood beds, 
Washington Avenue Bridge, Minneapolis, Minnesota. 


Lonchodus spinuliferus Stauffer,” 1932 
(Plate 10, figures 1, 2, 3, 4, 5, 6, 7, 9) 


Figured specimens.—B 4316, B 4317, B 4318, B 4319, B 4320, B 4321, B 4322, 
B 4324; Geological Museum, University of Minnesota. 

Description.—Base, slender, grooved on the under side, tapering toward the 
posterior. Denticles, discrete, flattened, and sharp-edged. Most of them, gently 
inclined, and decreasing in size toward the posterior. Specimens are all frag- 
mentary, and may represent several species. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Lonchodus sp. 
(Plate 10, figure 12) 


Figured specimen.—B 4327 ; Geological Museum, University of Minnesota. 

Description.—This fragmentary specimen may be well toward the posterior 
end of a form, like those figured at the top of Plate 10. Its special peculiarity 
lies in the close crowding of the posterior denticles, and the marked tendency 
of these to bend downward toward the bar. The fragment is attached to a piece 
of skeletal tissue. 

Horizon and locality —Glenwood beds, along Highway 52, two miles north of 
Fountain, Minnesota. 


GENUS MICROCOELODUS Branson and Mehl,” 1933 


Original description.—‘Dental units consisting of a dominant cone which is 
recurved above its conspicuously expanded, deeply cupped base. This is later- 
ally flanked bywbasal wings or bars of varying length but usually short, on each 
side, set with sharp discrete denticles of minor size. The main cone has more or 
less conspicuous lateral carinae and is somewhat flattened on the recurved side. 
A growth axis is evident throughout the length of the main cone.” 

This seems to be a rare genus in the Glenwood beds. 


Microcoelodus expansus Branson and Mehl,” 1933 
(Plate 12, figures 10, 15) 


Figured specimens.—B 4426, B 4431; Geological Museum, University of 
Minnesota. 

Description.—Base, arched, rather thick, shallow, and deeply excavated at the 
top of the arch beneath the cusp. Cusp, long, straight but slightly inclined 


*C. R. Stauffer: op. cit., p. 123, 124, pl. 10, figs. 5, 6, 8. 

7C. R. Stauffer: Decorah shale conodonts from Kansas, Jour. Pal., vol. 6 (1932) p. 
263, pl. 40, fig. 32. 

2% FE. B. Branson, and M. G. Mehl: op. cit., p. 89. 

* FE. B. Branson and M. G. Mehl: op. cit., p. 93, pl. 6, fig. 7. 
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orally, with keeled edges, and strongly buttressed at the base. One limb of base, 
preserving remnants of four short, straight, stout denticles ; the other limb, with 
one or two showing, but possibly having about the same number as the other. 

Horizon and locality—Upper Glenwood beds, Washington Avenue Bridge, 
Minneapolis, Minnesota. 


GENUS OIJSTODUS Pander,” 1856 


Translation.—“A small group is formed by those simple teeth which rest on a 
very long, broad and hollow base. From among these only a single genus is 
provisionally established because the character of the different forms is quite 
similar. They are generally transparent, yellow and of a horny appearance 
although they contain lime.” 

The Glenwood forms included in this genus vary a great deal. They are 
simple, claw-shaped cusps, attached to a broad or elongate, hollow, scale-like 
base, which is insignificant in comparison to the cusp. Most of them appear to 
have flattened, sharp-edged blades, which are straight or curved; others are 
circular in cross-section, and have little sign of a base preserved. 


Oistodus abundans Branson and Mehl,” 1933 
(Plate 12, figure 22) 


Figured specimen.—B 4438; Geological Museum, University of Minnesota. 

Description.—Bar, relatively short, plain, deeply excavated. Cusp or blade 
meeting the bar at an angle of about 45° and extending forward to a point. 
Cusp, flattened, with keeled or sharp edges, and slightly curved out of line with 


the base. 
Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 


three miles southwest of Lanesboro, Minnesota. 


Oistodus acuminatus n. sp. 
(Plate 12, figure 33) 


Holotype.—B 4449; Geological Museum, University of Minnesota. 

Description—Base, shallow, widely flaring, and slightly excavated on the 
under side. Sharp-pointed cusp is laterally flattened, blade-like, with sharp 
posterior and anterior edges, gently curved and twisted, inclined to the base at 
an angle of about 45°, and slightly rounded in front where it joins the base. 

Horizon and locality.—Glenwood beds, Washington Avenue Bridge, Minne- 
apolis, Minnesota. 


Oistodus curvatus Branson and Mehl,” 1933 
(Plate 12, figures 20, 23, 24, 27, 29, 30, 36) 


Figured specimens.—B 4436, B 4439, B 4440, B 4443, B 4445, B 4446, B 4452; 
Geological Museum, University of Minnesota. 

Description—Base, expanded, broad, and flaring with a shallow, hopper- 
shaped cavity on the under side. Cusp, or blade, laterally compressed, sharp- 
edged or keeled, and curving so that its axis near the point is almost parallel 
with the long dimension of the base. There is some variety to the curvature of 
the Glenwood specimens referred to this species, but they seem to grade into 
each other. All the different varieties are illustrated. 

Horizon and localities —Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota; also upper Glenwood beds at 
the Washington Avenue Bridge, Minneapolis. 


*®C. H. Pander: op. cit., p. 27. 
% E. B. Branson and M. G. Mehl: op. cit., p. 109, pl. 9, figs. 11, 17. 
*E. B. Branson and M. G. Mehl: op. cit., p. 110, pl. 9, figs. 4, 10, 12. 
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Oistodus inclinatus Branson and Mehl,® 1933 
(Plate 12, figure 21) 


Figured specimen.—B 4437; Geological Museum, University of Minnesota. 

Description—Just one specimen corresponding to this species was found in 
the Glenwood. It seems to show all the characteristics of the species. The cusp, 
or blade, may be a little straighter, and the lateral expansion of the base less 
0 gi but the variation is no greater than one might expect within the 
species, 

Horizon and locality.—Upper part of the Glenwood beds, along Highway No. 
16, three miles southwest of Lanesboro, Minnesota. 


Oistodus ovatus n. sp. 
(Plate 12, figure 34) 


Holotype.—B 4450; Geological Museum, University of Minnesota. 

Description.—Base, small, oval, and merely the flaring basal portion of the 
cusp. It appears to have a conical excavation in the lower side of the base, but 
it is filled by a fragment of the jaw. Cusp is oval in cross-section, smooth, and 
gently arched, tapering to a point. 

Horizon and locality——Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Oistodus suberectus Branson and Mehl,™ 1933 
(Plate 12, figures 14, 19, 28, 31, 35) 


Figured specimens.—B 4430, B 4435, B 4444, B 4447, B 4451; Geological Mu- 
seum, University of Minnesota. 

Description.—Base, broad, and flaring on all sides. Margin of base, rounded 
in front, angular at side, and notched at the posterior in the plane of the cutting 
edges of cusp or blade. (This notch may be accidental, but does not appear so.) 
Basal excavation, shallow, conical, and affecting the whole base. Cusp, or blade, 
curving slightly to the posterior, laterally compressed, lenticular in cross-section, 
and with sharp edges or keels. 

Horizons and localities —Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota; Glenwood beds, Lieb Quarry, 
Faribault, Minnesota; and upper Glenwood beds, Washington Avenue Bridge, 
Minneapolis, Minnesota. 


Oistodus venustus n. sp. 
(Plate 12, figure 12) 


Holotype.—B 4428; Geological Museum, University of Minnesota. 

Description.—Base, elongate, nearly straight, keeled on top, under side deeply 
grooved. Posterior end of base, pointed; anterior, sharply rounded. Cusp, 
anterior, terminal, and sharply inclined to the posterior, making an angle with 
a base, of about 30° or slightly less. Cusp, flattened laterally; upper edge, 
sharp. 

Horizon and locality—Glenwood beds, along Highway 14, one mile east of 
Dover, Minnesota. 


GENUS OZARKODINA Branson and Mehl,® 1933 


Original description “Compound dental units consisting of a thin, blade-like 
denticulate arched bar with a denticle of superior size near mid-length and 
approximately an equal number of parallel subequal smaller denticles on either 
side of it. Denticles laterally compressed, sharp-edged, more or less confluent 
to actually sheathed. Base excavated beneath large denticle.” 


%H. B. Branson and M. G. Mehl: op. cit., p. 110, pl. 9, fig. 8. 
* BH. B. Branson and M. G. Mehl: op. cit., p. 111, pl. 9, fig. 7. 
*® B®. B. Branson and M. G. Mehl: op. cit., p. 51. 
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There are several species of Ozarkodina in the Glenwood beds. They are, 
undoubtedly, related to Bryantodina, but they differ from the latter in their 
arched base, or bar, greater similarity of the two limbs of the bar, and the wide 
deep excavation beneath the cusp. 


Ozarkodina amorphina n. sp. 
(Plate 10, figure 50) 


Holotype.—B 4365; Geological Museum, University of Minnesota. 

Description.—Base, highly arched, with a broad deep excavation on under 
side, which culminates in a point beneath the cusp. Denticulated edge, curving 
toward the oral side. Cusp, sub-central, strong, and laterally compressed ; den- 
ticles, short, stubby, and confluent at base. About three denticles on the anterior 
limb, and six posterior to the cusp. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Ozarkodina concinna n. sp. 
(Plate 10, figures 41, 45, 46) 


Cotypes.—B 4356, B 4360, B 4361; Geological Museum, University of 
Minnesota. 

Description.—Base, composed of two limbs meeting at an angle of about 130° ; 
anterior limb, slightly longer. Under side of base excavated, deep, and flaring 
beneath the cusp. Cusp, short, lenticular in cross-section, edges not sharp, 
slightly inclined toward the posterior. In front of the cusp are six or seven, 
short, sharp-pointed denticles, which partly coalesce at the base. Posterior limb 
of the base bears four or five denticles similar to those on the anterior limb. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Ozarkodina crenulata n. sp. 
(Plate 10, figure 43) 


Holotype.—B 4358; Geological Museum, University of Minnesota. 

Description.—Base, long, slightly arched, thinning toward the ends, exca- 
vated along nearly the entire under side, and flaring beneath the cusp. The 
cusp is sub-central, has a small denticle on either side, which does not cut 
through the base but appears to be empacted on the bottom of the cusp. Cusp, 
larger than any other denticle and rising to greater height. Although the two 
denticles in front of the cusp are smaller, the denticles tend to increase in 
height from the extremities to the cusp; all are laterally compressed, and 
their edges confluent throughout most of their length, except the posterior one, 
which is more or less free. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Ozarkodina delecta n. sp. 
(Plate 10, figure 40) 


Holotype-—B 4355; Geological Museum, University of Minnesota. 

Description—Base, or bar, highly arched, slightly twisted, thin, relatively 
deep, excavated on under side by a narrow groove which flares out into a broad, 
deep cavity beneath the cusp. Cusp, large and strong, with three small denticles 
on the fragmentary anterior end of bar and six on the posterior, all short. 
Cusp and denticles, laterally flattened, and edges confluent at the base. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 
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Ozarkodina insolita n. sp. 
(Plate 10, figures 44, 47) 


Holotype.—B 4362; Paratype.—B 4359; Geological Museum, University of 
Minnesota. 

Description—Base, thin, of moderate depth, under side with a narrow 
shallow furrow, which expands slightly beneath the cusp. Anterior and pos- 
terior limbs of the base, about the same in length, forming a wide angle at the 
apex at which the cusp is located. Cusp, slightly larger than the denticles, 
inclined to the posterior at an angle of about 85°. Anteriorly, there is a series 
of five denticles, irregular in length; posteriorly, seven, which are slightly 
larger but irregular in length. Cusp and denticles, much flattened, with edges 
confluent at their bases. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Ozarkodina reperta n. sp. 
(Plate 10, figure 37) 


Holotype.—B 4352; Geological Museum, University of Minnesota. 

Description.—Base, elongate, deep, thick, and arched along the denticulated 
edge. Under side of base, with a long, wide, and deep excavation, which culmi- 
nates beneath the cusp. The cusp is short, stout, laterally compressed, and 
slightly inclined toward the posterior. There are five, short, stout denticles 
in front of the cusp, and two preserved in the posterior series. Denticles are 
nearly all discrete, and are short and massive. 

Horizon and locality Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Ozarkodina sp. a. 
(Plate 10, figure 32) 


Figured specimen.—B 4347 ; Geological Museum, University of Minnesota. 

Description.—This is a doubtful fragment. It may belong to Bryantodina, 
as somewhat suggested by the restored portion; but the preserved part shows 
an arch so like that of Ozarkodina that the relationship is not certain. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Orzarkodina (?) sp. b. 
(Plate 11, figure 40) 


Figured specimen.—B 4405 ; Geological Museum, University of Minnesota. 

Description.—This is a doubtful specimen, presumably a fragment with the 
cusp to the right. Base, or bar, short, straight or possibly arched, thick, com- 
paratively shallow; the fragment, nearly flat on the under side. Cusp, prob- 
ably broken away from the fragment. Denticles are short, stout, and closely 
set with those near the end confluent at the base. They are all laterally flat- 
tened, and tend to be parallel. 

Horizon and locality—Upper Glenwood beds, Washington Avenue Bridge, 
Minneapolis, Minnesota. 


GENUS PALTODUS Pander, 1856 


Translation.—“In this genus are included all those teeth whose front or rear 
keels, sometimes both of them, are reduced to a plane or rounded surface, and 
whose lateral faces are always asymmetrical. They are very remarkable forms 
which are scarcely equalled by those of living animals.” 


% Pander: op. cit., p. 24. 
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This genus includes the sharp-pointed, slender, cone-shaped, curved denticles 
in which the distinction between base and cusp is almost wanting. The tooth 
is laterally compressed and grooved at the base to nearly half the length. The 
sharp edges are nearly in the plane of the curvature, although the point may 
twist or turn so as to give one side the appearance of concavity. Rounded 
ridges, or carinae, may affect the basal portion of the compressed sides, and the 
base is usually excavated by a deep, slender cavity, extending nearly to the 
mid-length. One or two species are rather common. 


Paltodus compressus Branson and Mehl,” 1933 
(Plate 12, figures 17, 26) 


specimens.—B 4433, B 4442; Geological Museum, University of 
nesota. 

Description—Cusp, or blade, laterally compressed, strongly arched, and 
sharply pointed. Convex and concave edges, sharp, and base of cusp, stout, 
with a deep basal excavation, or cavity, which tapers to a point, half way up 
the cusp. Groove on one side of the cusp, pronounced; poorly developed or 
absent on the other side. There is no distinct bar, or base, other than the 
stout basal portion of the cusp. 

Horizon and locality——Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota; also, upper Glenwood beds, 
Washington Avenue Bridge, Minneapolis. 


GENUS PHRAGMODUS Branson and Mehl,® 1933 


Original description—Vertically extended, laterally compressed dental 
units modified to sheath the anterior end of the mandible. The interior margin 
is continuous anteriorly as an exceptionally long, straight, or vertically curved 
denticle, and a similar denticle extends more or less vertically from the oral 
anterior corner of the sheath. The space along the anterior margin between 
the larger denticles is either smooth or set with a few small, slender denticles. 
The oral margin is either short with few or no denticles, or produced into a 
posterior horizontal denticulate bar of appreciable length.” 

This is a common genus in the Glenwood beds. As here used, the base is 
slender, straight or slightly arched, and usually tortuous along the denticu- 
lated edge. Cusp, anteriorly terminal, elongate, arcuate, flattened, with sharp 
edges, and extending slightly below the bar. Denticles, irregular in size and 
distribution along the bar. One or several large denticles usually occur at the 
apex of the arch in the bar, when that feature is present. One, two, or three 
to six small denticles usually occur between the cusp and the large denticle at 
the apex of the arch. The total number of denticles may exceed fifteen or 
twenty, which are usually of irregular size, the smaller ones being near the cusp 
and at the tapering posterior end. 


Phragmodus cognitus n. sp. 
(Plate 11, figures 12, 13, 14, 18, 31, 41) 


Cotypes.—B 43877, B 4878, B 4379; Paratypes.—B 4396, B 4383, B 4406; Geo- 
logical Museum, University of Minnesota. 

Description —Base, bar-like, with a conspicuous bend about a third of the 
distance along the base, and gradually tapering from that point to the posterior. 
Under side of the base, lightly grooved, and only slightly excavated even beneath 
the cusp. Cusp, laterally flattened, arched, and extending beneath the bar to a 
blunt point. Succeeding the cusp are three or four small denticles and then a 
large denticle, which rivals the real cusp in size. This is succeeded by about 


7B. B. Branson and M. G. Mehl: op. cit., p. 109, pl. 8, fig. 9. 
8 E. B. Branson and M. G. Mehl: op. cit., p. 98. 
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ten, closely crowded, small, straight denticles, forming a gradually decreasing 
series. Denticles are small, and laterally flattened. Some specimens, which 
apparently belong to this genus, are slightly twisted. 

Horizons and localities —Upper part of the Glenwood beds, along Highway 
16, three miles southwest of Lanesboro, Minnesota; Glenwood beds, along High- 
way 14, one mile east of Dover, Minnesota. 


Phragmodus inflerus n. sp. 
(Plate 11, figures 9, 15, 16, 17, 19, 20, 21, 22, 25, 26, 34) 


Cotypes.—B 4374, B 4380, B 4381, B 4382, B 4384, B 43885, B 4386, B 4387, 
B 4390, B 4391, B 4899; Geological Museum, University of Minnesota. 

Description.—Base, consisting of a thin shallow bar which is highly arched 
and slightly flexed along the upper edge, so as to form a tortuous row of den- 
ticles. Under side of base, with a groove-like excavation which continues 
forward into the cavity, embraced on one side by the bar and on the other by 
the downward projection of the cusp. The cusp, gently curved or arched, 
flattened or slightly grooved in front, and, thus, with three, sharp edges, or 
carinae, one on the posterior margin and one on each lateral edge of the 
flattened front, making a T-shaped to triangular section. Projection of cusp 
below bar, about a quarter of its entire length. This projection is deeply 
grooved and notched along the median line at the lower end. Succeeding the 
cusp are two, three, or four, gradually increasing denticles, and then at the 
apex of the arch, two large ones, the second of which often rivals the cusp in 
size. Posterior to the pair of larger denticles, may be one, or more, smaller 
denticles, or the posterior end of the bar may be smooth, tapering to a point. 
Denticles are flattened laterally, and have sharp edges. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 9, 
three miles southwest of Lanesboro, Minnesota. 


Phragmodus singularis n. sp. 
(Plate 11, figures 23, 24, 35, 36) 


Cotypes.—B 4388, B 4389, B 4400, B 4401; Geological Museum, University of 
Minnesota. 

Description—Base and denticles, flattened or thin. Bar, nearly straight, 
with a slight angle near the cusp. The under surface, with a thin narrow groove 
which extends as a deep narrow excavation beneath the cusp. Upper surface, 
with a thin variable denticle between the cusp and the high point on the bar. 
Denticles, eight or more in number, are of variable size, slightly inclined toward 
the posterior. Dental series, slightly sinuous in the horizontal plane. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Phragmodus varians n. sp. 
(Plate 11, figure 27) 


Holotype.—B 4392; Geological Museum, University of Minnesota. 

Description.—Base, short, gently arched, without definite basal excavation, 
but in its place there is a distinct ridge, with slightly hollowed sides leaving a 
notch behind the downward projection of the cusp. On the outer side of the 
base a distinct ridge follows the curve of that side, but the crest of the basal 
ridge makes a straight line from near the lower end of the cusp to the pos- 
terior portion of the base. Cusp, slightly curved, the angles of the triangular 
cross-section, in line with the denticulated edge, the sharp outer anterior 
margin, and the prominent keel, or ridge, along the inner margin of the cusp. 
The cusp extends below the bar, and bears a secondary denticle on the basal 
portion of its sharp outer angle, then bifurcating near its lower extremity. 
The cusp is followed by three small denticles, which are confluent throughout 
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their lower two-thirds. A broad, short, stout, laterally compressed denticle 
occupies the top of the basal curve, and is succeeded by a single, short, stout 
denticle, occupying the posterior extremity. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


GENUS PLEOCTODINA n. gen. 


Base, consisting of a comparatively short, straight, denticulated bar, which 
meets the cusp nearly at right angles. The downward extension of the base 
of the cusp forms one margin, and the bar the other, of the deep basal excava- 
tion. Cusp, strong, slightly arched, thick at the base, offset, and oriented with 
its sharp edges nearly at right angles to it. The row of seven or eight (possibly 
more) denticles, with the smaller ones next to the cusp, meeting the outer 
margin of it, and in some cases tending to be continuous up its side. 

Genotype.—Plectodina dilata n. sp. 


Plectodina dilata n. sp. 
(Plate 11, figures 43, 47) 


Cotypes.—B 4408 and B 4412; Geological Museum, University of Minnesota. 

Description—Base, straight, with terminal cusp, which extends below it 
and becomes part of the thickened sheath. This sub-basal extension tends to 
become perpendicular to the denticulated edge. Base, deeply excavated beneath 
the cusp, with the lateral faces lobate. One specimen (fig. 47) retains part of 
the jaw in the excavation. Cusp, strong, slightly offset from the denticulated 
bar, outer margin curved and extending beneath the bar nearly as far as it 
extends above. Cusp, sub-circular in cross-section but slightly keeled, the inner 
keel pronounced but the outer less so. The denticulated edge of the base, which 
meets the cusp in the outer keel, has six to eight denticles preserved, with 
doubtless more on a complete specimen. Denticles are larger, and slightly 
inclined toward the posterior; they decrease in size toward the anterior, in 
some cases tending to continue up the cusp. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Plectodina glenwoodensis n. sp. 
(Plate 11, figures 38, 39) 


Holotype.—B 4403; Paratype—B 4404; Geological Museum, University of 
Minnesota. 

Description.—Base short, triangular, with extended denticulated edge. Con- 
ical excavation beneath the cusp, embraced by the margins of the apical angle. 
Cusp, stout, relatively, short, flattened, curved, and keeled or double-edged. 
The gently arched cusp is strong, reinforced at the base, twisted out of line, 
and almost at right angles to the denticulated edge; extension of the cusp 
below the base is smooth. Posterior part of denticulated margin preserves 
several denticles, but there were probably more in the complete specimen. 
Base is commonly transparent, amber colored, but cusp and denticles are white 
or nearly white. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


GENUS PRIONIODUS Pander,” 1856 


Translation—“By this name are covered all those teeth or jaws from which 
a very large tooth protrudes above the surrounding tissue, and which is bor- 
dered on one side by a series of smaller teeth. The hollow of the base extends 
lengthwise under all these teeth and up into them to a certain height.” Ulrich 


*C. H. Pander: op. cit., p. 29; E. O. Ulrich and R. S. Bassler: op. cit., p. 8, 9. 
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and Bassler add somewhat to this description by the following comments: 
“Typically the pick shape is well developed in this genus, the main terminal 
cusp relatively large with both edges sharp. The basal extension, although 
variable in length, is usually strong and often as long as the cusp itself, the 
anterior line formed by both being nearly straight. Numerous denticles on the 
bar, their lower half or more sometimes fused, but in some cases, although 
always closely arranged, they remain discrete to the junction with the bar.” 

This is apparently a rare genus in the Glenwood beds, but the specimens 
referred to it seem to be typical in every way. 


Prioniodus liratus n. sp. 
(Plate 10, figure 8) 


Holotype.—B 4323; Geological Museum, University of Minnesota. 

Description.—Base, or bar, with slight lateral curve, thin, comparatively 
shallow, with a groove on the under side which expands into a shallow cavity 
beneath the cusp. Cusp, terminal, inclined slightly to the anterior, stout, thick 
at the base, flattened on the outer side but rounded on the inner. Anterior 
portion of the cusp, with a sharp edge which extends below the base to a blunt 
point. Five sub-equal, erect denticles are preserved, and doubtless there were 
more. 

Horizon and locality —Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


GENUS STEREOCORNUS Branson and Mehl,” 1933 


Original description—‘Comparatively slender more or less curved cones 
without basal excavation or ‘pulp cavity’; lateral faces varying from slightly 
concave to slightly convex; rounded anterior and posterior edges; longitudi- 
nally fibrous rather than laminar structure.” 


Stereocornus gracilis Branson and Mehl,“ 1933 
(Plate 12, figures 25, 32) 


Figured specimens—B 4441, B 4448; Geological Museum, University of 
Minnesota. 

Description.—Base, short, with a deep conical excavation, and having a single 
cusp that bends abruptly from top of base. Cusp makes up the complete arma- 
ture. It is long, slender, with two cutting edges, and nearly straight from the 
basal angle. The outer keel extends downward along the front of the base. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


GENUS SUBCORDYLODUS na. gen. 


Base, with either a long sinuous or a straight bar, bearing a series of numer- 
ous sub-equal denticles, which usually incline slightly to the posterior. Under 
side of bar, with a groove-like excavation, which expands into a narrow deep 
cavity beneath the cusp. Cusp, anterior, terminal, flattened, keeled, arched, 
and oriented with its edges 60° to nearly 90° out of line with the denticles, and 
its base extending below the bar about a third of its length. 

Genotype.—Subcordylodus elongatus, n. sp. 


Subcordylodus elongatus n. sp. 
(Plate 11, figure 33) 
Holotype.—B 4398 ; Geological Museum, University of Minnesota. 


Description.—Base, consisting of a long, slender, shallow bar, the denticu- 
lated edge of which is slightly sinuous. Under side of bar, having a shallow, 


# FE. B. Branson and M. G. Mehl: op. cit., p. 27. 
“EK. B. Branson and M. G. Mehl: op. cit., p. 27, pl. 1, figs. 30, 31. 
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groove-like excavation which passes into a deep anterior cavity beneath the 
cusp. Cusp projects below the bar to form the outer marginal boundary of 
the cavity. Cusp, anterior, terminal, curved, laterally flattened, but the plane 
of its edges making an angle of about 60° with the general plane of the 
denticles. Cusp is followed by a sinuous row of fifteen or more, slender, 
flattened denticles, deflected slightly to the posterior, and closely crowded at 
the base. Posterior denticles are slightly shorter than the others. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Subcordylodus paratus n. sp. 
(Plate 10, figure 48) 


Holotype.—B 4363 ; Geological Museum, University of Minnesota. 

Description.—Base, triangular, but with one limb, or bar, extended and den- 
ticulate, the other smooth. Base, deeply grooved on under side, with a widely 
flaring cavity beneath the cusp. Cusp, somewhat flattened, blade-like, and 
with two unusually wide keels, or cutting edges, the inner extending down 
along the smooth limb of the base as the angular margin of the basal cavity. 
The cusp is at approximate right angles to the denticulated edge, but is rotated 
about 45° out of line. Five, partly coalescing, unequal denticles are preserved 
on the bar, but there may have been more. 

Horizon and locality—Upper Glenwood beds, Washington Avenue Bridge, 
Minneapolis, Minnesota. 


Subcordylodus rectilineatus n. sp. 
(Plate 11, figures 80, 82) 


Cotypes.—B 4395, B 4397; Geological Museum, University of Minnescta. 

Description.—Bar, long, slender, either straight or slightly curving anteriorly 
as it joins the cusp. Excavation on under side, a thin groove which becomes 
a deep narrow cavity, or sheath, beneath the cusp, and in which it converges 
to a point. Cusp, terminal, arched, slightly deflected from line of bar, and 
extending below it about a third of its length to form the sharp outer edge, 
or margin, of the boundary to the cavity. Anterior edge of cusp, sharp. The 
cusp is followed by a straight row of eight or more laterally compressed den- 
prow which are inclined to the posterior and tend to increase in size in that 
d on. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Subcordylodus sinuatus n. sp. 
(Plate 11, figures 28, 87, 42, 45) 


Cotypes.—B 43893, B 4402, B 4407, B 4410; Geological Museum, University of 
Minnesota. 

Description.—Base, or bar, nearly straight, but upper, or denticulated, edge 
sinuate, throwing the denticles into an irregular zigzag line. Base, with a 
narrow groove, or excavation, which becomes a pocket-like cavity beneath the 
cusp. Cusp is terminal, slightly curved, flattened laterally, and with keeled 
edges. It extends below the bar as the outer margin of the basal cavity, or 
sheath. Posterior to the cusp is a sinuous row of eight, or more, laterally 
flattened, keeled, crowded, irregular denticles. 

Horizon and locality.— Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


GENUS TORTONIODUS n. gen. 


Base, more or less bar-like, arched, twisted, and with a prominent, although 
shallow, basal excavation, which flares out beneath the cusp. Cusp, central or 
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sub-central, weakly developed, and succeeded on either side by a series of 
irregular denticles, some of which may equal the cusp in size. 
Genotype.—Tortoniodus politus n. sp. 


Tortoniodus politus n. sp. 
(Plate 10, figures 38, 42) 


Pe. 4353; Paratype—B 4357; Geological Museum, University of 
nesota. 

Description.—Base, slender, arched, anterior end curved inward, and posterior 
outward. Excavation, elongate, diamond shaped, flaring out beneath the cusp 
to a quarter of the total length of the bar. Cusp, central, slender, but heavily 
buttressed on the oral side. Six unequal denticles are distributed along the 
anterior limb of the bar; the two immediately preceding the cusp are small, and 
the third rivals the cusp in size. Posterior limb bears seven, or eight, unequal 
denticles, of which the one or two succeeding the cusp may be quite small. 
Cusp and denticles, usually discrete, except the three or four at the posterior 
end, which may be confluent at the base. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


GENUS TRICHOGNATHUS Branson and Mehl,” 19383 


Original description.—“Dental units consisting of an arched denticulate bar 
systematical in reference to the axis of an apical denticle. Apical denticle 
curved posteriorly, the base deeply excavated, the posterior aboral margin pro- 
duced laterally into a horizontally extending, more or less bar-like process.” 

This is a common genus in the Glenwood beds. The base consists of two 
limbs, meeting in an acute angle at the point where the cusp rises from the 
base. Base of the cusp curves out to approximately right angles to the limbs of 
the base, and may bear small denticles. Cusp curves strongly to the oral 
side, but the denticles may be straight, or nearly so. Denticles are usually 
small and of similar size, but they may be quite irregular and may differ on the 
two limbs of the base. The deep excavation of the base extends into the basal 
prolongation of the cusp, and thus has the shape of a tetrahedron. 


Trichognathus barbarus n. sp. 
(Plate 12, figure 11) 


Holotype.—B 4427; Geological Museum, University of Minnesota. 

Description.—Base, angular; the limbs, straight, and meeting at an apical 
angle of about 60°. The slight excavation along the limbs becomes a deep 
cavity beneath the cusp. Cusp, apical, and attached with its base at right angles 
to the plane of the limbs. Base of cusp, curving rapidly inward and upward to 
form a kind of third bar, bearing two or more small denticles. Cusp, with a 
nearly circular cross-section, roundly flattened on the outside, keeled laterally, 
gibbous on the inner side, and the whole cusp curved inward. Each limb of the 
base bears at least three denticles. 

Horizon and locality—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Trichognathus deformis n. sp. 
(Plate 12, figure 3) 


Holotype.—B 4419; Geological Museum, University of Minnesota. 

Description—Base, composed of two limbs which meet at an angle of about 
40°, each with a lateral twist. Excavation, light along the under side of the 
limbs but deep beneath the cusp. Cusp, rising from the apex of the angle 
formed by the limbs of the base, is sub-circular in cross-section, curves rapidly 


42. B. Branson and M. G. Mehl: op. cit., p. 36. 
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inward at the base, and probably straightened as it approached the upper end. 
There are three or four short, erect denticles on one limb, but the other bears 
only two, of which that nearest the cusp is large, keeled along the edge in line 
with the denticular surface of the limb, and is crowded up against the cusp. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Trichognathus illustris n. sp. 
(Plate 12, figure 4) 


Holotype.—B 4420; Geological Museum, University of Minnesota. 

Description.—Base, sub-triangular, with basal angles drawn out to form the 
bars, cusp filling in the apical angle; thus the upper ends of the bars become 
part of the base of the cusp. The grooves of the under side of bars open into the 
deep wide cavity beneath the cusp. Cusp, slightly keeled, flattened, convex on 
the anterior side, sharply convex on the posterior. These convexities extend 
down across the base to form the upper and the lower sheaths of the cavity. 
The upper one is separated on either side from the limbs of the bar, by deep 
furrows. Cusp, long, and sharply curved toward the posterior, thus paralleling 
the more or less erect denticles. The inner limb bears two or three discrete 
denticles near the cusp, and curves away from the rest of the base into an 
almost smooth termination. Outer limb bears three or four sub-equal denticles 
on a nearly straight bar. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Trichognathus inopinatus n. sp. 
(Plate 12, figures 5, 6) 


Cotypes.—B 4421, B 4422; Geological Museum, University of Minnesota. 

Description—Bar, slender, shallow; the two sub-equal limbs, not quite in 
the same plane, meet at an acute angle. Under side of base, with narrow furrow 
which widens at the point of union of the limbs, where it deepens and extends 
to the basal portion of the cusp. The cusp set at the apex of angle, and sharply 
curved inward so as to be nearly at right angles to the base, on which its lower 
portion forms a high rounded ridge. Cusp, nearly circular in cross-section, long, 
slender, and apparently sharply pointed. A small denticle is closely set on 
either side of the cusp, and each limb of the base bears four, or possibly more, 
widely spaced denticles. These are oval in cross-section, and bend inward as 
the cusp curves. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


Trichognathus recurvus Branson and Mehl, 1933 
(Plate 12, figures 1, 2) 


Figured specimens—B 4417, B 4418; Geological Museum, University of 
Minnesota. 

Description.—Bar, of about uniform depth, arched, and bent at apex, the 
two limbs making an angle of less than 90°. Two to three denticles, possibly 
more, on either side of cusp. The cusp is large, nearly circular in cross-section, 
curved inward, and its basal portion extends inward almost horizontally, but 
is not known to have denticles. The excavation of the base expands into the 
base of cusp, and laterally into its extended basal portion. There are three 
slightly developed keels on the cusp, one in line with each limb of the base, 
and a third on the oral surface of the cusp. 

Horizon and locality.—Upper part of the Glenwood beds, along Highway 16, 
three miles southwest of Lanesboro, Minnesota. 


FE. B. Branson and M. G. Mehl: op. cit., p. 119, pl. 10, fig. 6. 
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PLATES OR SKELETAL FRAGMENTS 
(Plate 12, figures 37-48) 


Figured specimens.—B 4453-B 4464 ; Geological Museum, University of Minne- 

sota. 
Description.—These figures represent some of the various plates and skeletal 
parts, which are commonly found in the Glenwood beds and other Middle Ordo- 
vician formations of the upper Mississippi valley. Some of them seem to show 
articulations, and others show definite borders or surface markings. Some are 
rounded, or semi-rounded, cylinder-like bodies, which may show concentric 
structure in the cross-section. They appear to have the same chemical compo- 
sition as the teeth, and usually resemble them in color, structure, and state of 
preservation. 

These fragmentary plates are invariably found in the same beds with the 
teeth. A mechanical separation of a washed sample, by the heavy liquid 
method, brought down a great quantity of these plates with the teeth, thus 
showing a similar specific gravity. 

Plates of this type were discovered and first reported by Bryant“ from the 
upper Devonian conodont bed of the Eighteen Mile Creek section, North Evans, 
New York. Some of the Ordovician specimens, occurring from the Glenwood 
beds to the Decorah shale, are remarkably similar to those illustrated by Bryant. 

Horizons and localities —Upper Glenwood beds, at Minneapolis, Faribault, 
Lanesboro, Minnesota, and other places. In fact, wherever the teeth are found, 
the broken plates are sure to occur. 


DISTRIBUTION OF GLENWOOD CONODONTS 


The following table shows the distribution of the conodonts here figured 
and described. They have been found in nearly every outcrop of the Glen- 
wood sampled, as far south as Specht’s Ferry, Iowa, and appear to be 
co-extensive with these beds over the area of their development. Cono- 
donts are more abundant in some localities than in others, but they may 
always be found when a thorough search of the Glenwood is made. 


Locality Table of Glenwood Conodont Fauna 


Localities* 
Specimens 

Belodus lineatus Stauffer x 

Bryantodina compacta, n. sp. x 
Bryantodina digna, n. sp. x 
Bryantodina dissimilis, n. sp. x 
Bryantodina excellsa, n. sp. x 
Bryantodina inaequalis, n. sp. x 
Bryantodina incurvata, n. sp. x x 


“ William L. Bryant: The Genesee conodonts, Buffalo Soc. Nat. Sci., Bull., vol. 13 
(1921) p. 11-12, pls. 12, 13, 14. 
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Localities* 
Specimens 
Bryantodina informis, n. sp. * 
Bryantodina levicula, n. sp. x 
Bryantodina linata, n. sp. x 
Bryantodina maxima, n. sp. x 
Bryantodina parva, n. sp. x 
Bryantodina typicalis, n. sp. xix x 
Bryantodina sp. x 
Chirognathus admirandus, 0. sp. x 
Chirognathus alternatus Branson and Mehl x 
Chirognathus delicatulus, n. sp. x x x 
Chirognathus duodactylus Branson and Mehl x 
Chirognathus eucharis, n. sp. x : 
Chirognathus expatiatus, n. sp. x 4 
Chirognathus hamatus, n. sp. x 
Chirognathus idoneus, n. sp. x 
Chirognathus invictus, n. sp. x 
Chirognathus trregularis, n. sp. x 
Chirognathus lanesboroensis, n. sp. * 
Chirognathus magnificus, n. sp. x 
Chirognathus multidens Branson and Mehl x 
Chirognathus quadridactylus, n. sp. x 
Chirognathus radiatus, n. sp. x 
Chirognathus scalenus, n. sp. x 
: : Chirognathus tenuidentatus, n. sp. x 
: Chirognathus unguliformis, n. sp. x 
Cyrtoniodus complicatus, n. sp. x xix 
: Cyrtoniodus erectus, n. sp. x 
Dichognathus peculiaris, n. sp. ee x 
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Localities* 
Specimens 

4|5 8 
Dichognathus typicus Branson and Mehl x x 
Dichognathus variabilis, n. sp. x 
Distacodus bicurvatus, n. sp. x 
Distacodus falcatus, n. sp. x 
Distacodus longus, n. sp. x 
Erismodus tantus, n. sp. x 
Euprioniodina insigna, n. sp. x 
Euprioniodina robusta Stauffer x 
Gyrognathus primus, n. sp. x 
Lonchodus dentatus Stauffer x 
Lonchodus spinuliferus Stauffer x x 
Lonchodus sp. x |x 
Microcoelodus expansus Branson and Mehl 
Oistodus abundans Branson and Mehl x 
Oistodus acuminatus, n. sp. 
Oistodus curvatus Branson and Mehl x x x 
Oistodus inclinatus Branson and Mehl x 
Oistodus ovatus, n. sp. x 
Oistodus suberectus Branson and Mehl x x 
Oistodus venustus, n. sp. 
Ozarkodina amorphina, n. sp. x x 
Ozarkodina concinna, n. sp. x 
Ozarkodina crenulata, n. sp. 
Ozarkodina delecta, n. sp. x 
Ozarkodina insolita, n. sp. x 
Ozarkodina reperta, n. sp. x 
Ozarkodina sp. x 
Paltodus compressus Branson and Mehl x x 


XI—BuLL. Grou. Soc. Am., Vor. 46, 1935 
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Localities* 
Specimens 

Phragmodus cognitus, n. sp. x 
Phragmodus inflerus, n. sp. 
Phragmodus singularis, n. sp. 
Phragmodus varians, 0. sp. x x 
Plectodina dilata, n. sp. x xi xe x 
Plectodina glenwoodensis, n. sp. x |x x 
Prioniodus liratus, n. sp. x 
Stereocornus gracilis Branson and Mehl < 
Subcordylodus elongatus, n. sp. x x 
Subcordylodus rectilineatus, n. sp. x 
Subcordylodus paratus, n. sp. = 
Subcordylodus sinuatus, n. sp. x Kix 
Tortoniodus politus, n. sp. x 
Trichognathus barbarus, n. sp. x 
Trichognathus deformis, n. sp. x 
Trichognathus illustris, n. sp. x 
Trichognathus inopinatus, n. sp. x 
Trichognathus recurvus Branson and Mehl xix Kies 

* 1. Upper two feet of the Glenwood beds, 87th Street and Northern Pacific tracks, 


2. 


oN 


Columbia Heights, Minnesota. 
Upper part of the Glenwood beds, along Highway 14, one mile east of Dover, 
Minnesota. 


. Glenwood beds in the Lieb Quarry, Faribault, Minnesota. 
. Upper part of the Glenwood beds, along Highway 52, two miles north of Fountain, 


Minnesota. 


. Upper part of the Glenwood beds, along Highway 16, three miles southwest of 


Lanesboro, Minnesota. 


. Upper part of the Glenwood beds, Washington Avenue Bridge, University of Minne- 


sota Campus, Minneapolis, Minnesota. 


. Glenwood beds, along the old highway, one mile east of the State Hospital, 


Rochester, Minnesota. 


. Glenwood beds, Northwest corner of Northeast quarter, Section 15, Woodbury town- 


ship, Washington County, Minnesota. 
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EXPLANATION OF PLATES 
(Drawings by Jane Titcomb and Faith Patterson) 
PLATE 9.—CONODONTS OF THE GLENWOOD BEDS 


Figures 1-88, 41-48, from along Highicay 16, three miles southwest of Lanesboro, 
Minnesota; Figures 39 and 40, along Highway 52, two miles 
north of Fountain, Minnesota. 


FicureE 1.—Chirognathus delicatulus, n. sp. x 60. Cotype. Upper Glenwood 


beds. 

FicurE 2.—Chirognathus delicatulus, n. sp. x 60. Paratype. Upper Glen- 
wood beds. 

Ficure 3.—Chirognathus delicatulus, n. sp. x 60. Cotype (aboral view). 
Glenwood beds. 


Ficure 4.—Chirognathus erpatiatus, n.sp. x60. Holotype. Upper Glenwood 
beds. 


FicurE 5.—Chirognathus delicatulus, n. sp. x 60. Paratype. Upper Glenwood 
beds. 


FieurE 6.—Chirognathus admirandus, n. sp. x 60. Cotype (aboral view.) 
Upper Glenwood beds. 


Ficurs 7.—Chirognathus delicatulus, n. sp. x 60. Cotype. Upper Glenwood 


beds. 
Figure — delicatulus, n. sp. x 60. Paratype. Upper Glenwood 
Ss. 
Ficure delicatulus, n. sp. x 60. Cotype. Upper Glenwood 
s. 


FicurE 10.—Chirognathus delicatulus, n. sp. x 60. Cotype. Upper Glenwood 
beds. 
Fieure 11.—Chirognathus delicatulua, n. sp. x 60. Cotype. Upper Glenwood 


Figure ee delicatulus, n. sp. x 60. Cotype. Upper Glenwood 
Ss. 


Ficure 13.—Chirognathus delicatulus, n. sp. x 60. Paratype. Upper Glenwood 
beds. 


FicurE 14.—Chirognathus lanesboroensis, n. sp. x 60. Holotype. Upper Glen- 
wood beds. 


FicurE 15.—Chirognathus radiatus, n. sp. x 60. Holotype. Upper Glenwood 
beds. 


Ficure admirandus, n. sp. x 60. Cotype. Upper Glenwood 
S. 


Figure delicatulus, n. sp. x 60. Paratype. Upper Glenwood 
Ss. 


FieurE 18.—Chirognathus delicatulus, n. sp. x 60. Cotype (aboral view). 
Upper Glenwood beds. 


FicurE 19.—Chirognathus delicatulus, n. sp. x 60. Cotype (aboral view). 
Upper Glenwood beds. 


beds. 
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FIGURE ie ened scalenus, n. sp. x 30. Holotype. Upper Glenwood 
Ficurs 21.—Chirognathus delicatulus, n. sp. x 60. Cotype. Upper Greenwood 
FIGURE ee admirandus, n. sp. x 60. Cotype. Upper Glenwood 
FIGURE 25.—Chragnathus eucharis, n. sp. x 60. Paratype. Upper Glenwood 
FIGurRE 24.—Chirognathus idoneus, n. sp. x 30. Holotype. Upper Glenwood 
FIGURE 25.—Chirognathus magnificus, n. sp. x 30. Holotype. Upper Glenwood 
FIGURE 28.—Chiropnathus scalenus, n. sp. x 30. Paratype. Upper Glenwood 


Ficure 27.—Chirognathus eucharis, n. sp. x 30. Cotype. Upper Glenwood 
beds. 


Ficure 28.—Chirognathus eucharis, n. sp. x 60. Paratype. Upper Glenwood 
beds 


Ficure 29.—Chirognathus duodactylus, Branson and Mehl. x 30. Figured 
specimen. Upper Glenwood beds. 


Ficure 30.—Cyrtoniodus erectus, n. sp. x 60. Cotype (aboral view). Upper 
Glenwood beds. 


Ficure 31.—Chirognathus alternatus, Branson and Mehl. x 60. Figured speci- 
men (aboral view). Upper Glenwood beds. 


Ficure 32.—Chirognathus,irregularis, n. sp. x 30. Holotype. Upper Glenwood 
beds. 


FicureE 33.—Chirognathus hamatus, n. sp. x 60. Holotype (aboral view). 
Upper Glenwood beds. 


Ficure 34.—Chirognathus eucharis, n. sp. x 60. Cotype. Upper Glenwood 
beds. 


Ficurs 35.—Chirognathus quadridactylus, n. sp. x 30. Holotlye. Upper Glen- 
wood beds. 


FicurE 36.—Chirognathus tenuidentatus, n. sp. x 60. Holotype. Upper Glen- 
wood beds. 


Ficure 37.—Cyrtoniodus erectus, n. sp. x 60. Cotype. Upper Glenwood beds. 
Ficure 38.—Cyrtoniodus erectus, n. sp. x 60. Cotype. Upper Glenwood beds. 


Ficure 39.—Chirognathus multidens, Branson and Mehl. x 30. Figured speci- 
men. Upper Glenwood beds. 


Fieure 40.—Chirognathus multidens, Branson and Mehl. x 30. Figured speci- 
men (another view). Upper Glenwood beds. 


Ficure 41.—Chirognathus unguliformis, n. sp. x 60. Holotype. Upper Glen- 
wood beds. 


FicurE 42.—Distacodus longus, n. sp. x 60. Holotype. Upper Glenwood beds. 
Ficure 43.—Chirognathus invictus, n. sp. x 30. Holotype. Upper Glenwood 
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10.—Lonchodus dentatus, Stauffer. 
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PLATE 10.—CONODONTS OF THE GLENWOOD BEDS 


Figures 1-7, 11, 18-27, 29-47, 49-50, from along Highway 16, three miles southwest 
of Lanesboro, Minnesota; Figures 8 and 28, from Lieb Quarry, Fari- 


bault, Minnesota; Figures 9-10, 48, Washington Avenue Bridge, 


Minneapolis, Minnesota; Figure 12, along Highway 
52, two miles north of Fountain, Minnesota. 


1.—Lonchodus spinuliferus, Stauffer. 
Glenwood beds. 


2.—Lonchodus spinuliferus, Stauffer. 


Glenwood beds. 


3.—Lonchodus spinuliferus, Stauffer. 
Glenwood beds. 


4.—Lonchodus spinuliferus, Stauffer. 
Glenwood beds. 


5.—Lonchodus spinuliferus, Stauffer. 


Glenwood beds. 


6.—Lonchodus spinuliferus, Stauffer. 


Glenwood beds. 


7.—Lonchodus spinuliferus, Stauffer. 
Glenwood beds. 


8.—Prioniodus liratus, n. sp. x 30. 


9.—Lonchodus spinuliferus, Stauffer. 


Glenwood beds. 


Glenwood beds. 


x35. Figured Specimen. Upper 
x 60. Figured specimen. Upper 
x 35. Figured specimen. Upper 
x 60. Figured specimen. Upper 
x 30. Figured specimen. Upper 
x 35. Figured specimen. Upper 
x 35. Figured specimen. Upper 


Holotype. Glenwood beds. 
x 30. Figured specimen. Upper 


x 30. Figured specimen. Upper 


Ficure 11.—Lonchodus dentatus, Stauffer. x 35. Figured specimen. Upper 


Glenwood beds. 


Ficure 12.—Lonchodus, sp. x 30. Glenwood beds. 
Ficure 138.—Bryantodina incurvata, n. sp. x 30. Cotype. Upper Glenwood 


beds. 


Figure 14.—Bryantodina incurvata, n. sp. x 30. Cotype. Upper Glenwood 


beds. 


Ficure 15.—Bryantodina compacta, n. sp. x 30. Holotype. Upper Glenwood 
beds. 


Ficure 16.—Bryantodina typicalis, n. sp. x 30. Paratype. Upper Glenwood 


beds. 


Figure 17.—Bryantodina dissimilis, n. sp. x 30. Holotype. Upper Glenwood 


Ficure 18.—Bryantodina typicalis, n. sp. 
beds. 

Ficure 19.—Bryantodina typicalis, n. sp. 
beds. 


Fieure 20.—Bryantodina levicula, n. sp. 


beds. 


S. 


x 60. Paratype. Upper Glenwood 
x 30. Paratype. Upper Glenwood 


x 35. Holotype. Upper Glenwood 


Figure 21.—Prioniodus, sp. x 60. Upper Glenwood beds. 
Figure 22.—Bryantodina compacta, n. sp. x 30. Paratype. Upper Glenwood 
beds. 


bedm 
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Figure 23.—Bryantodina typicalis, n. sp. x 60. Holotype. Upper Glenwood 
beds. 


Ficure 24.—Bryantodina typicalis, n. sp. x 35. Paratype. Upper Glenwood 


FicureE 25.—Bryantodina typicalis, n. sp. x 35. Paratype. Upper Glenwood 


Ficure 26.—EHuprioniodina insigna, n. sp. x 60. Holotype. Upper Glenwood 


Figure 27.—Bryantodina parva, n. sp. x 60. Holotype. Upper Glenwood 


FicureE 28.—Bryantodina mazima, n. sp. x 35. Holotype. Glenwood beds. 
FicurE 29.—Bryantodina typicalis, n. sp. x 35. Paratype. Upper Glenwood 


Ficure 30.—Bryantodina limata, n. sp. x 60. Paratype. Upper Glenwood 


FIGURE a compacta, n. sp. x 35. Paratype. Upper Glenwood 


Ficure 32.—Ozarkadina, sp. x 35. Upper Glenwood beds. 
FIGURE sities “yaaa excellsa, n. sp. xX 30. Paratype. Upper Glenwood 
Ss. 


Ficure 34.—Bryantodina digna, n. sp. x 30. Holotype. Upper Glenwood beds. 
Ficure 35.—Bryantodina excellsa, n. sp. x 60. Holotype. Upper Glenwood 
beds. 


Ficure 36.—Bryantodina limata, n. sp. x35. Holotype. Upper Glenwood beds. 

Ficure 37.—Ozarkodina reperta, n. sp. x 30. Holotype. Upper Glenwood beds. 

Ficure 38.—Tortoniodus venustus, n. sp. x 30. Holotype. Upper Glenwood 
beds. 


Ficure 39.—Bryantodina inaequalis, n. sp. x 35. Holotype. Upper Glenwood 
beds. 


Ficure 40.—Ozarkodina delecta, n. sp. x 35. Holotype. Upper Glenwood beds. 
Figure 41.—Ozarkodina concinna, n. sp. x 80. Cotype. Upper Glenwood beds. 
Ficure 42.—Tortoniodus politus,n. sp. x 60. Paratype. Upper Glenwood beds. 


Ficure 43.—Ozarkodina crenulata, n. sp. x 30. Holotype. Upper Glenwood 
beds. 


Ficure 44.—Ozarkodina insolita, n. sp. x 30. Paratype. Upper Glenwood 
beds. 


Ficure 45.—Ozarkodina concinna, n. sp. x 30. Cotype. Upper Glenwood beds. 

Ficure 46.—Ozarkodina concinna, n. sp. x 30. Cotype. Upper Glenwood beds. 

Ficure 47.—Ozarkodina insolita, n. sp. x30. Holotype. Upper Glenwood beds. 

FIGURE ——— paratus, n. sp. x 30. Holotype. Upper Glenwood 
s. 


Ficure 49.—Bryantodina informis, n. sp. x 60. Holotype. Upper Glenwood 
beds. 


Ficure 50.—Ozarkodina amorphina, n. sp. x 30. Holotype. Upper Glenwood 
beds. 
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Figures 1-14, 16, 19-28, 30, 32-39, 41-51, from along Highway 16, three miles south- 
west of Lanesboro, Minnesota; Figures 15 and 31, along Highway 14, 


Figure 12.—Phragmodus cognitus, n. sp. x 85. Cotype. Upper Glenwood beds. 
Ficure 13.—Phragmodus cognitus, n. sp. x 30. Cotype. Upper Glenwood beds. 
Ficure 14.—Phragmodus cognitus, n.sp. x 30. Cotype. Upper Glenwood beds. 
Ficure 15.—Phragmodus inflerus, n. sp. x 35. Cotype. Glenwood beds. 
Ficurt 16.—Phragmodus inflerus, n. sp. x 60. Cotype. Upper Glenwood beds. 
Fieure 17.—Phragmodus inflerus, n. sp. x 80. Cotype. Glenwood beds. 
FicurE 18.—Phragmodus cognitus, n. sp. x 60. Paratype. Glenwood beds. 
FicurE 19.—Phragmodus inflevus, n. sp. x 35. Cotype. Upper Glenwood beds. 
Ficure 20.—Phragmodus inflecus, n. sp. x 60. Cotype. Upper Glenwood beds. 
Fieure 21.—Phragmodus inflerus, n. sp. x 60. Cotype. Upper Glenwood beds. 
Figure 22.—Phragmodus inflerus, n. sp. x 60. Cotype. Upper Glenwood beds. 
FicurE 23.—Phragmodus singularis, n. sp. x 60. Cotype. Upper Glenwood 
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one mile east of Dover, Minnesota; Figures 17 and 18, Lieb 
Quarry, Faribault, Minnesota; Figures 29 and 40, Wash- 
ingion Avenue Bridge, Minneapolis, Minnesota. 


1.—Dichognathus peculiaris, n. sp. x 35. Cotype. Upper Glenwood 
beds. 


2.—Dichognathus typicus, Branson and Mehl. x 35. Figured specimen. 
Upper Glenwood beds. 


3.—Dichognathus typicus, Branson and Mehl. x 30. Figured specimen. 
Upper Glenwood beds. 


4.—Dichognathus peculiaris, n. sp. x 60. Cotype. Upper Glenwood 
beds. 


5.—Dichognathus typicus, Branson and Mehl. x 30. Figured speci- 
men. Upper Glenwood beds. 


6.—Dichognathus peculiaris, n. sp. x 30. Cotype. Upper Glenwood 

s. 

7.—Dichognathus variabilis, n. sp. x 35. Holotype. Upper Glenwood 
beds. 

8.—Dichognathus typicus, Branson and Mehl. x 35. Figured speci- 
men. Upper Glenwood beds. 


9.—Phragmodus inflexus, n. sp. x 60. Cotype. Upper Glenwood beds. 


FieurE 10.—Dichognathus typicus, Branson and Mehl. x 35. Figured speci- 


men. Upper Glenwood beds. 


Figure 11.—Dichognathus peculiaris, n. sp. x 35. Cotype. Upper Glenwood 


beds. 


beds. 


FicureE 24.—Phragmodus singularis, n. sp. x 35. Cotype. Upper Glenwood 
S. 


Ficvure 25.—Phragmodus inflerus, n. sp. x 60. Cotype. Upper Glenwood beds. 
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Fieurn 26.—Phragmodus inflerus, n. sp. x 60. Cotype. Upper Glenwood beds. 


Ficure 27.—Phragmodus varians, n. sp. x 35. Holotype. Upper Glenwood 
beds. 


Fieure 28.—Subcordylodus sinuatus, n. sp. x 35. Cotype. Upper Glenwood 
beds. 
Figure 29.—Euprioniodina robusta, Stauffer. x 30. Figured specimen. Upper 
beds. 


Glenwood 

Ficure 30.—Subcordylodus rectilineatus, n. sp. x 35. Cotype. Upper Glen- 
wood beds. 

Ficure 31.—Phragmodus cognitus, n. sp. x 30. Paratype. Upper Glenwood 
beds. 

Ficure 32.—Subcordylodus rectilineatus, n. sp. x 35. Cotype. Upper Glen- 
wood beds. 

FicurEe 33.—Subcordylodus elongatus, n. sp. x 30. Cotype. Upper Glenwood 
beds. 


Frievurr 34.—Phragmodus inflerus, n. sp. x 60. Cotype. Upper Glenwood beds. 
Freure 35.—Phragmodus singularis, n. sp. x 60. Cotype. Upper Glenwood 
beds. 


Figure —— singularis, n. sp. x 60. Cotype. Upper Glenwood 
Ss. 

Ficure 37.—Subcordylodus sinuatus, n. sp. x 30. Cotype. Upper Glenwood 
beds. 

Figure 38.—Plectodina glenwoodensis, n. sp. x 80. Holotype. Upper Glen- 


wood beds, 


Fieure 39.—Plectodina glenwoodensis, n. sp. x 30. Paratype. Upper Glen- 
wood beds. 


Ficure 40.—Ozarkodina, sp. x 30. Upper Glenwood beds. 
Fieure 41.—Phragmodus cognitus, n. sp. x 60. Paratype. Upper Glenwood 
beds. 


Ficure 42.—Subcordylodus sinuatus, n. sp. x 30. Cotype. Upper Glenwood 


Ficure 43.—Plectodina dilata, n. sp. x 30. Cotype. Upper Glenwood beds. 
Ficure 44.—Cyrtoniodus complicatus, n. sp. x 60. Cotype. Upper Glenwood 
beds. 


Ficure 45.—Subcordylodus sinuatus, n. sp. x 30. Cotype. Upper Glenwood 
beds. 
Ficure 46.—Oyrtoniodus complicatus, n. sp. x 35. Cotype. Upper Glenwood 


Ficure 47.—Plectodina dilata, n. sp. x 80. Cotype. Upper Glenwood beds. 
Ficure 48.—OCyrtoniodus complicatus, n. sp. x 60. Cotype. Upper Glenwood 
beds. 


Ficure 49.—Cyrtoniodus complicatus, n. sp. x 30. Cotype. Upper Glenwood 
Fieure 50.—Cyrtoniodus complicatus, n. sp. x 60. Cotype. Upper Glenwood 


Ficvre 51.—Cyrtoniodus complicatus, n. sp. x 80. Cotype. Upper Glenwood 
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PLATE 12—CONODONTS OF THE GLENWOOD BEDS 


Ficure 1—Trichognathus recurvus, Branson and Mehl. x 30. Figured speci- 
men (semi-lateral view). Upper Glenwood beds, along High- 
way 16, three miles southwest of Lanesboro, Minnesota. 

FicurE 2.—Trichognathus recurvus, Branson and Mehl. x 60. Figured speci- 
men. Upper Glenwood beds, along Highway 16, three miles 
southwest of Lanesboro, Minnesota. 

Fieure 3.—Trichognathus deformis,n.sp. x35. Holotype. Upper Glenwood 
beds, along Highway 16, three miles southwest of Lanesboro, 
Minnesota. 

Fieure 4.—Trichognathus ilwstris,n.sp. x30. Holotype. Upper part of the 
Glenwood beds, along Highway 16, three miles southwest of 
Lanesboro, Minnesota. 

FicurE 5.—Trichognathus inopinatus,n.sp. x35. Cotype. Upper part of the 
Glenwood beds, along Highway 16, three miles southwest of 
Lanesboro, Minnesota. 

Fieure 6.—Trichognathus inopinatus, n. sp. x 35. Cotype. Upper part of the 
Glenwood beds, along Highway 16, three miles southwest of 
Lanesboro, Minnesota. 

Ficure 7.—Erismodus tantus, n. sp. x 30. Holotype. Upper part of the 
Glenwood beds, Lieb Quarry, Faribault, Minnesota. 

Figure 8.—Gyrognathus primus, n. sp. x 30. Cotype. Upper Glenwood beds, 
along Highway 16, three miles southwest of Lanesboro, Minne- 
sota. 

Figure 9.—Gyrognathus primus, n. sp. x 30. Cotype. Upper Glenwood beds, 
along Highway 16, three miles southwest of Lanesboro, Minne- 
sota. 

Ficure 10.—Microcoelodus expansus, Branson and Mehl. x 35. Figured speci- 
men. Upper Glenwood beds, Washington Avenue Bridge, Minne- 
apolis, Minnesota. 

Fieure 11.—Trichognathus barbarus, n. sp. x 30. Holotype. Upper Glenwood 
beds, along Highway 16, three miles southwest of Lanesboro, 
Minnesota. 

Figure 12.—Oistodus venustus, n. sp. x 380. Holotype. Glenwood beds, along 
Highway 14, one mile east of Dover, Minnesota. 

Fieure 13.—Belodus lineatus, Stauffer. x 30. Figured specimen. Glenwood 
beds, along Highway 14, one mile east of Dover, Minnesota. 

Ficure 14.—Oistodus suberectus, Branson and Mehl. x 30. Figured specimen. 
Upper Glenwood beds, along Highway 16, three miles southwest 
of Lanesboro, Minnesota. 

Ficure 15.—Microcoelodus expansus, Branson and Mehl. x 30. Figured speci- 
men. Upper Glenwood beds, Washington Avenue Bridge, Min- 
neapolis, Minnesota. 

Ficure 16.—Distacodus falcatus, n. sp. x 30. Holotype. Glenwood beds, Lieb 
Quarry, Faribault, Minnesota. 

Ficure 17.—Paltodus compressus, Branson and Mehl. x 30. Figured specimen. 
Upper Glenwood beds, along Highway 16, three miles southwest 
of Lanesboro, Minnesota. 

Fieure 18.—Distacodus bicurvatus, n. sp. x 30. Holotype. Upper Glenwood 
beds, along Highway 16, three miles southwest of Lanesboro, 
Minnesota. 

Ficure 19.—Oistodus suberectus, Branson and Mehl. x 30. Figured specimen. 
Upper Glenwood beds, Washington Avenue Bridge, Minneapolis, 
Minnesota. 
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Ficure 20.—Oistodus curvatus, Branson and Mehl. x 35. Figureds :cimen. 
Upper Glenwood beds, along Highway 16, three miles x ithwest 
of Lanesboro, Minnesota. 

FicurE 21.—Oistodus inclinatus, Branson and Mehl. x 35. Figured specimen. 
Upper Glenwood beds, along Highway 16, three miles southwest 
of Lanesboro, Minnesota. 

Fieurn 22.—Oistodus curvatus, Branson and Mehl. x 60. Figured specimen. 
Upper Glenwood beds, along Highway 16, three miles southwest 
of Lanesboro, Minnesota. 

FIcurRE 23.—Oistodus curvatus, Branson and Mehl. x 30. Figured specimen. 
Upper Glenwood beds, along Highway 16, three miles southwest 
of Lanesboro, Minnesota. 

FicurRE 24.—Oistodus curvatus, Branson and Mehl. x 30. Figured specimen. 
Upper Glenwood beds, along Highway 16, three miles southwest 
of Lanesboro, Minnesota. 

Figure 25.—Stereocornus gracilis, Branson and Mehl. x 30. Figured speci- 
men. Upper Glenwood beds, along Highway 16, three miles 
southwest of Lanesboro, Minnesota. 

Ficure 26.—Paltodus compressus, Branson and Mehl. x 30. Upper Glenwood 
beds, Washington Avenue Bridge, Minneapolis, Minnesota. 

FicguRE 27.—Oistodus curvatus, Branson and Mehl. x 30. Figured specimen. 
Upper Glenwood beds, Washington Avenue Bridge, Minneapolis, 
Minnesota. 

FicurE 28.—Oistodus suberectus, Branson and Mehl. x 30. Figured specimen. 
Glenwood beds, Lieb Quarry, Faribault, Minnesota. 

FicurE 29.—Oistodus curvatus, Branson and Mehl. x 30. Figured specimen. 
Upper Glenwood beds, Washington Avenue Bridge, Minneapolis, 
Minnesota. 

FIcuRE 30.—Oistodus curvatus, Branson and Mehl. x 30. Figured specimen. 
Upper Glenwood beds, Washington Avenue Bridge, Minneapolis, 
Minnesota. 

Ficure 31.—Oistodus suberectus, Branson and Mehl. x 30. Figured speci- 
men. Glenwood beds, Lieb Quarry, Faribault, Minnesota. 

FicurE 32.—Stereocornus gracilis, Branson and Mehl. x 35. Figured speci- 
men. Upper Glenwood beds, along Highway 16, three miles 
southwest of Lanesboro, Minnesota. 

Ficure 33.—Oistodus acuminatus, n. sp. x 30. Holotype. Upper Glenwood 
beds, Washington Avenue Bridge, Minneapolis, Minnesota. 

Ficure 34.—Oistodus ovatus, n. sp. x 30. Holotype. Upper Glenwood beds, 
along Highway 16, three miles southwest of Lanesboro, Minne- 
sota. 

FicurE 35.—Oistodus suberectus, Branson and Mehl. x 30. Figured specimen. 
Upper Glenwood beds, along Highway 16, three miles southwest 
of Lanesboro, Minnesota. _ 

Ficure 36.—Oistodus curvatus, Branson and Mehl. x 30. Figured specimen. 
Upper Glenwood beds, Washington Avenue Bridge, Minneapolis, 
Minnesota. 

FIGURES ie paceemaaal plates such as occur abundantly with the cono- 

onts. 

Ficures 37-40, 48.—Fragmentary plates. x 30. From the Upper Glenwood 
beds, along Highway 16, three miles southwest of Lanesboro, 
Minnesota. 

Ficures 41, 43, 44.—Fragmentary plates. x 30. From the Glenwood beds, 
Lieb Quarry, Faribault, Minnesota. 

Ficures 42, 45, 46, 47.—Fragmentary plates. x 60. From the Upper Glen- 
wood beds, along Highway 16, three miles southwest of Lanes- 
boro, Minnesota. 
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INTRODUCTION 


That part of eastern Washington which lies between the Cascade 
Range, on the west, and the high Rockies, on the east, carries an exten- 
sive record of Pleistocene glaciation. The belt drained by the west- 
flowing segment of the Columbia River is of special significance because 


* Manuscript received by the Secretary of the Society, January 16, 1934. 
+ The valuable criticism and comments of A. C. Waters and W. C. Alden are acknowledged. 
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in it was localized the southern margin of glacier ice during at least 
two successive glaciations. The great terraces of stratified drift and 
the striking channels, dominated by the Grand Coulee, that are asso- 
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Showing location of features and places referred to in the text. Basalt-covered areas (small 
outliers omitted) are shaded; end moraine, hatched; drift border elsewhere, dashed. (Detail 
north of Chelan from Waters, 1933.) 


ciated with these ice borders, have attracted interest since the first 
scientific exploration of the region. The present paper, in discussing 
the chief glacial features in the lower Okanogan trench and in the 
district extending east up the Columbia River from the mouth of the 
Okanogan, aims at a rational explanation of the relations between these 
features. 
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a Ficure 1.—Index map of the southern Okanogan region 
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REGIONAL SETTING 


Northeastern Washington consists of a rugged highland, underlain 
chiefly by pre-Tertiary resistant rocks, and marked by well-defined, 
north-south mountain ranges separated by broad troughs now well 
dissected, into which the present main streams, such as the Okanogan, 
the Sanpoil, and the Columbia, have cut deep narrow trenches. The 
troughs appear to record Tertiary downwarps, in which consequent 
streams were later rejuvenated by uplift, to form the present trenches. 
This highland, whose summits reach 7000, and even 8000, feet at the 
International Boundary, slopes rather uniformly south, and passes 
beneath the broad expanse of the Columbia Plateau, whose flat-lying 
mid-Tertiary basalt flows conceal the older rocks. The elevation of 
the upper surface of the basalt at its northern rim approximates 2500 
feet. The south-flowing Columbia turns abruptly west below its junc- 
tion with the Spokane River and with one exception, detailed below, 
closely follows the wedge-like northern margin of the basalt. The 
basalt-margin Columbia has likewise incised a canyon-like trench into 
the rocks, here mainly granitic, that underlie the basalt. The floor of 
this trench is less than 800 feet above sea level at the mouth of the 
Okanogan. 

MULTIPLE GLACIATION 


The entire highland has been glaciated. Ice-abraded surfaces and 
glacial deposits are commonly fresh, and it has been generally assumed 
that they are comparable in date with the Wisconsin glaciation of the 
upper Mississippi Valley region. In the absence of more definite cor- 
relation, and following the usage of earlier writers, the latest glaciation 
of this region is here arbitrarily referred to as the Wisconsin. 

Definite till of the earlier glaciation described by Bretz! as the 
Spokane has not been certainly recognized by the writer, east of the 
mouth of the Spokane River. That at least two glaciations affected 
this region, however, is indicated by numerous channels incised in bed- 
rock, apparently along former ice margins. These channels, which 
range in size from small notches in spurs up to capacious canyons many 
miles in length, are of two types. Some are fresh, showing only the 
effect of stream erosion, whereas others have been vigorously ice-eroded, 
veneered with fresh till, and in places choked with various kinds of 
fresh glacial deposits. The latter type apparently were formed during 
one or more glaciations, and were ice-modified during the latest glacia- 
tion. 


1J Harlen Bretz: Glacial drainage on the Columbia Plateau, Geol. Soc. Am., Bull., vol. 34 (1923) 
p. 580. 
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GLACIAL EROSION 
GENERAL EFFECT ON THE LAND SURFACE 


In the highland, summits as well as valleys indicate glaciation. This 
is proved by ice-abraded surfaces and by the presence of foreign stones, 
even at high elevations where polished surfaces have been destroyed 
by frost weathering. North slopes are smoothed perceptibly more than 
south slopes, and large valleys trending north-south have been some- 
what smoothed and deepened by glacial scour, although their tribu- 
taries lack the sharply hanging form caused by valley glaciers. Al- 
though a good many minor valleys are straight and free from inter- 
locking spurs, this form is probably attributable to structural control 
of preglacial stream erosion, because such valleys have no uniform 
orientation as they should have if their straightness were the result of 
glaciation. 

Striae in the highland district commonly trend between S10°E and 
$25°E, indicating a more or less uniform direction of ice movement. 
Most striae at low elevations within the Okanogan trench, however, 
closely parallel the trend of the trench in the locality in which they 
occur, thus recording local topographic control of the basal ice. Striae 
and boulder trains on the glaciated part of the Columbia Plateau trend 
roughly normal to the arcuate end moraine that outlines the ice margin, 
indicating radial flow of the ice. 

Strongly glaciated bedrock surfaces are common as far south as 
Omak. South of this point they diminish in number and perfection; 
near the southern limit of glaciation the preglacial configuration of the 
surface is scarcely altered. In tracing the distribution of glaciated 
surfaces, care must be exercised in distinguishing them from dome-like 
exfoliation forms, which are both large and common in the granitic 
rocks. That the ice was not universally effective in modifying the 
surface is indicated by occurrences of rotten, deeply weathered granite 
beneath fresh glacial deposits. 


CHARACTER AND EXTENT OF GLACIATION 


It is evident that the instruments of glaciation were not valley gla- 
ciers, but ice sheets that overtopped all except the higher summits 
within the immediate region. The body of ice recorded here is known 
to have covered the Interior Plateau region of British Columbia. Daw- 
son? referred to this mass as the “Cordilleran glacier.” However, it 


2G. M. Dawson: On the later physiographical geology of the Rocky Mountain region in Canada, 
with special reference to changes in elevation and to the history of the glacial period, Roy. Soe. 
Canada, Pr. and Tr., vol. 8, sec. IV (1891) p. 3-74. 


: 
j 


GLACIAL EROSION 173 


has been shown by Johnston® and others that this ice mass was a 
gigantic piedmont glacier, possibly compound, resulting from the coa- 
lescence of innumerable valley glaciers that descended from the high 
ranges of the Rocky Mountain system, on the east, and the Coast 
Ranges, on the west. These ice tongues coalesced on the relatively 
low surface of the Interior Plateau, and the combined mass flowed 
slowly northwest at its north end and southeast at its south end. These 
are the only directions in which descending slopes offered opportunity 
of escape from the Plateau. 

Fed by local valley glaciers from the west, this great mass flowed 
south through the Okanogan region, crossed the Columbia through a 
wide sector between Chelan and the head of the Grand Coulee, and 
pushed on for 30 miles across the basalt of the Columbia Plateau 
(Pl. 14, fig. 1). Northeast of the Grand Coulee the drift border shows 
a deep indentation where the ice failed to cover the southern part of 
the Nespelem Range. The whole broad ice mass between the Cas- 
cades, on the west, and the much lower Nespelem Range, on the east, 
has been called the Okanogan lobe. 


ICE-MARGIN CHANNELS 
GENERAL STATEMENT 

Channels cut by streams along former ice margins have been men- 
tioned above. They are rare at high altitudes, and their size and 
numbers mount with decreasing elevation and increasing proximity to 
the Okanogan River. This would indicate that the ice wasted rapidly 
from the higher parts of the region, and disappeared more slowly as 
its upper surface shrank down into the protected valleys. The gross 
pattern of the glacial drainage recorded by these channels was clearly 
controlled by the preglacial topography, with the Okanogan trench 
exercising the master control in directing flow toward the south. Some 
channels lead back into the valley in which they originated; others 
lead across minor divides into other valleys. Some are long and con- 
tinuous; others consist of a chain, or series, of channels, separated by 
short open spaces in which the escaping water must have flowed across 
ice.t Some probably originated through superposition from overlying 
ice; others through consequent overflow of small ice-marginal lakes 
dammed back of spurs. Certain prominent spurs, like that forming 
the east side of the Okanogan trench at the mouth of Tunk Creek, 


8W. A. Johnston: The Pleistocene of Cariboo and Cassiar districts, B. C., Canada, Roy. Soc. 
Canada, Pr. and Tr., vol. 20, pt. 2, sec. IV (1926) p. 137-147. 
4 In-and-out channels of British geologists. 
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Ficure 2.—Block diagram of the region east and north of the mouth of the Okanogan River 
The front of the block is about 35 miles long; the vertical scale is exaggerated 2.5 times. Stippled areas represent stratified drift. 
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carry several channels in descending series, which gives them a saw- 
edged appearance (PI. 13). 

Most of the notch series of this type bear the marks of ice abrasion. 
It is not certain, therefore, that all were cut in descending order as 
the retaining ice wasted down; for some may have been cut in ascend- 
ing order as ice tongues advanced through the valleys. The former 
explanation seems the more likely as a general cause of spur-notching, 
however, in view of the great increase in size and number of notches 
at the lower elevations, a fact explicable by slow wasting of valley 
ice remnants but hardly consonant with cutting during ice advance. 

Although most of the notches and channels are abandoned, and hang 
at both ends above the present valleys, at least two were incised so 
deeply that they carry detoured drainage today. One is the narrow 
trench occupied by the Okanogan River for nine miles between Janis 
Station and Riverside. West of this trench lies the much more capa- 
cious Wagonroad Coulee, the abandoned preglacial route, now choked 
with stratified drift and without drainage. A far grander case is that 
of the Box Canyon cutoff. 


BOX CANYON CUTOFF 


Willis * suggested that the course of the Columbia River west of the 
mouth of the Spokane was determined by the northern edge of the 
basalt flows of the Columbia Plateau. Later, Pardee*® confirmed this 
suggestion, but pointed to an exception in the 28-mile reach between 
Goose Lake and the mouth of the Okanogan, where the Columbia cuts 
through a broad tongue of the basalt, severing the Okanogan Plateau 
from the main Columbia Plateau (Fig. 2). This cutoff may be con- 
veniently termed the Box Canyon cutoff, from the name by which a 
particularly narrow part of it is locally known. The northeastern edge 
of the basalt that forms the Okanogan Plateau, is outlined by a capa- 
cious channel (the Omak Lake Trench, Fig. 2; Pl. 13; Pl. 14, fig. 1), 
eighteen miles long and one to two miles wide, extending from the 
Columbia near Goose Lake to the Okanogan near Omak. Although of 
the same order of size as the Columbia canyon, this channel is dry except 
for two lakes and, at its northern end, a small stream. From Omak 
to its mouth, the Okanogan follows the western margin of the basalt 
tongue. It is evident that when the basalt solidified, the Columbia 
flowed around instead of across the basalt tongue, excavating the Omak 


5S Bailey Willis: Changes in river courses in Washington territory, U. S. Geol. Surv., Bull. 40 
(1887) p. 7. 

6 J. T. Pardee: Geology and mineral resources of the Colville Indian Reservation, Washington, 
U. S. Geol. Surv., Bull. 677 (1918) p. 46. 
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Lake Trench, and joined by the Okanogan at Omak, followed the pres- 
ent course of the lower Okanogan from Omak to its mouth. 

Bretz * explained the Grand Coulee, crossing the basalt plateau south 
of the Columbia, as a gorge cut and temporarily occupied by escaping 
water when the Columbia canyon west of it was overrun and dammed 
by glacier ice, during the Spokane glacial stage. If the Columbia 
canyon had been ice-blocked for a sufficiently long time, the temporary 
occupation of the Grand Coulee would have become permanent occupa- 
tion, and the Columbia would be following the Grand Coulee route 
today. The Box Canyon cutoff is believed to be a Grand Coulee occu- 
pied permanently, and to have originated thus: When glacier ice had 
advanced across the preglacial basalt-margin trench at Omak Lake, 
it forced the drainage to spill across the plateau, which was fashioned 
into scabland. The escaping water concentrated along a definite east- 
west line, probably along the southern margin of the ice lobe, with 
resulting excavation of the Box Canyon cutoff, the western part of 
which may have been already in existence as a short preglacial tribu- 
tary, draining west into the (Okanogan) Columbia at Brewster. 

The ice-margin localization of the cutoff is supported by the absence 
of any structural, stratigraphic, or topographic control along its route. 
The fact that the plateau surface now slopes south across the cutoff, 
at about 40 feet per mile, is not a serious obstacle to this view, as a 
slight warping would restore the north slope demanded by the ice- 
margin concept. 

It is evident that the diversion must have occurred at a time preced- 
ing the latest glaciation, as the northern end of the Omak Lake Trench 
is strongly ice-abraded and thickly banked with till, and as the south 
side of the cutoff itself is in places till-veneered. The rock floor of the 
abandoned channel averages about 1400 feet above tide, whereas the 
Okanogan at Omak, with no bedrock exposed in the valley floor, lies 
at less than 900 feet. Valley deepening of the order of 500 feet, there- 
fore, has taken place since the abandonment of the basalt-margin route. 


SCABLAND CHANNELS 

A network of similar, but smaller, channels, or “coulees,” cuts the 
basalt of the plateau south of the Box Canyon cutoff. The two largest 
units, varying up to more than 1000 feet in width and 150 feet in depth, 
trend east-west, and their eastern ends hang high on the nearly vertical 
west wall of the Grand Coulee, showing that they antedate the cutting 
of this wall. One of them, nearly 20 miles long, is open at both ends, 


7J Harlen Bretz: Glacial drainage on the Columbia Plateau, Geol. Soc. Am., Bull., vol. 34 (1923) 
p. 592. 
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Ficure 1. Sourn Enp or THE OMAK LAKE TRENCH 
Looking southwest, showing the west (basalt) wall with knolled terraces of stratified drift 
banked against it. 


Figure 2. BasaLtt ERRATICS ON THE OKANOGAN PLATEAU 
North of Tumwater Basin. Looking northeast to the highlands east of the Omak Lake 
Trench. The high peak on the right horizon is Moses Mountain. (Compare text, figure 2) 
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connecting at its western end with a tributary to the Box Canyon 
cutoff near Bridgeport. Smaller units connect the main ones obliquely. 
All the coulees are now partly choked with till, ice-contact gravel knolls 
and constructional terraces, and fills, locally dissected, of sand and 
laminated silt, which prevent determination of the direction of slope 
of the rock floors. These fills date from the last glaciation, and the 
coulee-cutting dates back to an earlier ice occupancy, probably the 
time when the Box Canyon cutoff was effected. The two largest coulees 
are believed to be channels cut along the margins of a pre-Wisconsin 
ice lobe in a manner similar to the cutting of the Box Canyon, by 
streams flowing either east or west. The hanging relationships indi- 
cate clearly that the glacial channels were cut in the following order: 
(1) the coulees on the plateau; (2) the Grand Coulee; (3) the Box 
Canyon cutoff. During the cutting of all these streamways, the Omak 
Lake Trench must have been blocked by ice. These events could have 
been accomplished entirely in Spokane time, but there is no direct 
evidence that pre-Spokane glaciation is not also involved. 


TILL 


The till in this region is commonly a tough stony and bouldery clay. 
It «. exposed through the erosion of the stratified fill in the Okanogan 
trench, and probably floors the trench to a considerable depth. Till, 
at least 80 feet thick, occurs at the north end of the Omak Lake Trench, 
an exposed position that was subjected to the full thrust of the ice. 
Higher on the valley sides, and over the highland generally, till is thin 
or absent. 

The Columbia Plateau, north of the end moraine, carries a more 
nearly continuous thin veneer of till, ranging in thickness between a 
few inches and a few feet. The till-covered area is dotted with huge 
erratic boulders of basalt torn from the cliffs to the north (Pl. 14, 
fig. 2). Most of the boulders have disintegrated somewhat, and are 
conspicuously fringed with talus; some have crumbled completely into 
heaps of small blocks. It is evident that the basalt lent itself to glacial 
quarrying much more readily than did the granitic rocks north of the 
Plateau. In some areas the boulders are arranged in distinct trains 
embracing scores of erratics and traceable for two or three miles. The 
trend of these trains is approximately normal to the drift border. 


END MORAINE 


Between the Columbia River near Chelan and the Grand Coulee, the 
southern margin of the glaciated region is marked by a conspicuous 
end moraine, consisting of a pronounced thickening of the till sheet 
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to form an asymmetric ridge, about five miles wide, with a gentle 
northern slope, and a steeper southern slope ranging between ten and 
fifteen degrees, the whole mass dotted with great erratics. 

The extreme observed height of this ridge is 200 feet (at Withrow) 
above the general surface of the plateau (PI. 15, fig. 1), but the average 
height is somewhat less. In some places, the moraine subdivides into 
two or more parallel units. Closed depressions are few; they include 
both typical circular kettles, recording isolated blocks of ice, and 
initial constructional irregularities in the surface of the till. The crest 
and the slopes of the moraine are uneven, with local relief of more 
than 50 feet. This relief is due less to irregularities in the surface of 
the till than to the irregular distribution on the moraine of gravel 
knolls which are both large and numerous. They are constructional 
forms, built of poorly sized * and poorly stratified basalt gravel. Some 
of them, more than 100 feet in height, extend southward well beyond 
the base of the moraine proper. These have steeper faces to the north 
than to the south, and may represent small fans whose apices headed 
on the frontal slope of the ice.® The distribution of these knolls shows 
that at some time the ice reached beyond the position of the moraine 
ridge. Both the knolls and the body of the moraine are fresh in appear- 
ance and free from stream furrows, and the exposures seen reveal slight 
weathering of the surface material. 

For more than ten miles in the vicinity of Withrow, a deep stream 
channel (Wolf Creek) skirts the southern base of the moraine, although 
it lies within some of the knolls mentioned above. Evidently the route 
taken by this channel was determined, at least in part, by ice-marginal 
drainage, although there are local suggestions of the presence here of 
an inconspicuous pre-moraine depression. The channel is well devel- 
oped, and in places exhibits stream terraces with meander scarps. The 
striking feature of this channel, which discharges eastward into Moses 
Coulee, is that it is essentially free from outwash deposits, and records 
an actively eroding stream. In fact, the whole ice-border belt exhibits 
remarkably little outwash. Between Moses Coulee and Grand Coulee 
there is even less record of meltwater. This means that such meltwater 
as emerged at the ice margin was nearly free from rock débris and in 
a condition to erode, and it may mean further that evaporation played 
a major role in the wastage of the ice. It seems likely, also, that melt- 
water from the district north of the Columbia was led off down the 


8 By sized is meant sorting of rock fragments according to size. 
* Similar knolls occur on the frontal slope of the extensive Bloomington Moraine in western 
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Columbia canyon, leaving a comparatively small area of potential 
drainage on the Columbia Plateau itself. 

Wolf Creek receives a few tributaries, represented by dry channels 
with low gradients, that head two or three miles back within the 
moraine. Their side slopes are low and knolled, and have an aspect 
that is constructional rather than erosional, as though building of the 
moraine were actively in progress while the channel was being made. 

East of Withrow the crest of the moraine descends, and the whole 
mass includes a greater proportion of gravel knolls. Near the west 
brink of Moses Coulee it loses its ridgelike character and merely fills 
a broad depression in the plateau surface, accommodating itself to the 
pre-existing plateau topography. East of Moses Coulee the moraine 
regains its full height, but becomes less distinct as it approaches Grand 
Coulee. On the west brink of this coulee, about five miles north of 
Coulee City, it ends. 

The end moraine, as a whole, occupies the 35-mile sector between the 
Columbia River near Chelan and the Grand Coulee near Coulee City. 
This sector is characterized by low relief and gentle slopes. East and 
west of this sector, where relief is great and slopes are steep, end 
moraine is present at only two or three points. Instead, the drift bor- 
der is a line north of which appear erratic boulders, accumulations of 
stratified drift, and a little till, and south of which there is no evidence 
of glaciation. Traced on this basis the border extends down the 
Columbia a short distance below Chelan, and up the valley occupied 
by Lake Chelan, where the Okanogan lobe was joined by a valley 
glacier descending from the west.1® Northeast of the end moraine, 
the drift border trends along the floor of the Grand Coulee, emerg- 
ing on the east brink near the coulee head. Crossing the Columbia 
canyon here, it trends north along the west slope of the Nespelem 
Range, and, rising northward, crosses the range, and descends in lobate 
fashion down the Sanpoil Valley, east. of this range. The drift border 
east of the Sanpoil will be discussed in a later paper. Active motion of 
the ice at the time of maximum expansion is recorded by the end 
moraine, but the fact that it is confined to the plateau, and merges in 
the highlands into a moraineless drift border, may mean that the ice 
was moving so feebly that movement was effective at the margin only 
where low relief provided little hindrance to flow. 

It is stated above that the end moraine is fresh, little weathered, 
and little dissected. No features so far observed, indicate that this 


10 A. C. Waters: Terraces and coulees along the Columbia River near Lake Chelan, Washington, 
Geol. Soc. Am., Bull., vol. 44 (1933) p. 783-820. 


180 Rk. F. FLINT—GLACIAL FEATURES OF THE SOUTHERN OKANOGAN 


mass is older than the Wisconsin (latest) glaciation, nor have any 
features recording a distinctly younger drift border been observed 
farther north. Accordingly, the moraine is here regarded, with Bretz ** 
and Waters,” as the terminal moraine of the Wisconsin glacial stage. 


STRATIFIED DEPOSITS 
TYPES OF DEPOSITS 

Knolls—The glaciated area of the Columbia Plateau is dotted with 
hundreds of steep-sided constructional gravel knolls, which rise conspic- 
uously above the nearly flat plateau surface. Similar knolls occur, usu- 
ally in meadows and other flats at high elevations, in the highland to the 
north, but they are characteristic of the Columbia Plateau, extending 
over the crest and the frontal slope of the terminal moraine, and even 
lying on the floor of the upper Grand Coulee, where they are overlain 
by the Nespelem silt. The knolls are composed chiefly of coarse gravel, 
not well rounded, poorly sized, and dominantly basaltic. A minor 
amount of finer material is present. Stratification is highly irregular, 
suggesting variable currents in proximity to wasting ice. 

These mounds are irregularly distributed over the plateau surface. 
The individual forms range from less than a hundred feet to more than 
a mile in length, and from a few feet to fifty or more feet in height. 
Most of them are unconnected; that is, they are not joined by a con- 
tinuous mantle of stratified drift, but are surrounded by areas of till 
and bare rock. Evidently they were built up by flowing meltwater 
in crevasses, hollows, and other openings in wasting ice. Whereas the 
majority of the knolls are irregularly distributed, some are esker-like, 
elongate in a direction parallel to the ice movement and normal to the 
trend of the end moraine. They are probably the casts of segments of 
stream channels developed in radial fractures in the wasting ice. The 
facts cited indicate that the knolls are more or less contemporaneous, 
and that the surrounding ice was motionless, or nearly so, during their 


formation. 


Ice-marginal constructional terraces—In the southern Okanogan 
region there are many terraces of stratified drift, which were built in 
streams and lakes between tongues or other masses of residual ice 
and the sides of the valleys that contained the ice. Constructional ter- 
races of this general type have long been known in the northeastern 


11J Harlen Bretz: Glacial drainage on the Columbia Plateau, Geol. Soc. Am., Bull., vol. 34 


(1923) p. 573-608. 
12 A.C, Waters: Terraces and coulees along the Columbia River near Lake Chelan, Washington, 
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United States, and have been recognized in the Okanogan trench in 
British Columbia by Daly,’* and in the Chelan region, south of the 
Okanogan, by Waters.** 

These terraces range from poorly sized, current-bedded coarse gravel 
through delta-bedded sediments of various kinds to fine, nearly hori- 
zontally laminated silt or rock flour. Small deposits locally consist 
chiefly of the weathered residual “sand” derived from underlying 
granite, scarcely reworked by meltwater. Elsewhere fairly well sized, 
well rounded fragments characterize these deposits. Pockets of till 
occur here and there in the stratified material, which is locally much 
disturbed and contorted, by sliding and slumping during or immediately 
after deposition, or by thrust of adjacent moving ice, or by both. In 
some places the strata exhibit broad sags, as though they had been 
let down to fill the spaces left by the wastage of ice buried beneath 
the terrace material. Some exposures near the bases of cliffs and steep 
slopes include masses of angular local rock fragments in nonstratified 
arrangement, suggesting talus incorporated in the accumulating sedi- 
ments. Many of the terrace tops are pitted, and the terrace slopes 
exhibit all gradations from ice-contact faces through smooth, nearly 
featureless faces, to faces undercut by laterally shifting main streams 
or gullied by small tributaries. In some terraces the upper surfaces 
slope in one direction, usually down-valley; in a few they seem to be 
nearly horizontal; in still others they are fan-like, sloping radially 
away from an apex. 

Constructional terraces occur through a great vertical range. They 
are found in depressions and entrants in the highland, in the coulees 
of the Columbia Plateau, in tributary valleys, and along the Okanogan 
and the Columbia themselves, at many elevations down to that of the 
“Great Terrace,” to be described presently. The higher forms are 
local; some of those at low elevations have considerable linear extent. 
Certain terraces, traced along their length, lead into notches, or deep 
channels, across bedrock spurs of the kind described above, the channel 
floors standing as high as, or higher than, the terrace surfaces. Notches 
and channels, thus, represent the spillways of former ice-marginal lakes 
and rock thresholds across the courses of former ice-marginal streams. 
Some of the constructional terraces, however, are unrelated to rock 
thresholds; they are fans built against, and upon, residual ice in the 
larger valleys, by small tributary streams which must have escaped 
over or through the ice itself. Others, not fan-like but yet apparently 


18R. A. Daly: Geology of the North American Cordillera at the Forty-ninth Parallel (Glaciation 
of the Cordillera at the Forty-ninth Parallel), Canada Geol. Surv., Mem. 38, pt. 2 (1912) p. 590. 
14 A, C. Waters: Terraces and coulees along the Columbia River near Lake Chelan, Washington, 
Geol. Soc. Am., Bull., vol. 44 (1933) p. 787. 
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fluvial, seem to have been built along the lateral margins of ice tongues 
free from control by any immediate rock threshold. 

In general, the deposits become more bulky with decreasing eleva- 
tion; thus, probably recording progressively slower wastage of the ice, 
as the ice surface came more and more within the protective influence 
of the valley walls, and became increasingly well protected by accumu- 
lating surface débris. 

Distinctive among the local constructional terraces are several great 
fills of laminated silt and clay, locally with sand and gravel, occupying 
the capacious valleys of Omak Creek, Tunk Creek, and Bonaparte 
Creek, which enter the Okanogan from the southeast. The silt and clay 
record lakes, ponded in the tributary valleys by ice in the Okanogan 
trench, and filled, in part at least, with sediment derived from this 
ice. In the valleys of Tunk and Omak creeks these fine-grained de- 
posits form rude undulatory high-level terraces at elevations of 1300 
feet to more than 2500 feet, resembling flights of steps with risers facing 
the Okanogan, indicating that the lakes stood at successively lower 
levels as the ice that dammed them wasted away. 

The knolls and the constructional terraces are members of a grada- 
tional series of ice-contact deposits, differing from each other only in 
the details of their relations to the ice in conjunction with which they 
were built. Knolls grade into constructional terraces, but in ideal 
form, each stands out as a distinctive feature. Knolls and terraces 
record general wasting-down of the upper surface of the ice rather than 
distinct retreat of the outer margin of the Okanogan lobe. The arrange- 
ment of the terraces shows that at a late stage of wastage, both high- 
land and plateau were ice-free while tongues and elongate masses of 
residual ice still occupied the Columbia canyon, the Okanogan trench, 
and their immediate tributaries. 


Erosional stream terraces—The Okanogan trench and the Columbia 
canyon, beyond the ice limit as well as within it, carry discontinuous 
stream terraces, the highest of which are less than 500 feet above the 
rivers. In composition the stream terraces differ only slightly from the 
ice-marginal constructional benches described above, being for the 
most part carved from them. They are not paired, and in many places 
the faces of the higher benches, against which they rest, have been 
undercut to form concave meander scarps. The erosional terraces 
themselves display meander scarps, slipoff slopes, and channel scars 
in favorable places, although their sculptural details are partly ob- 
scured by dunes and numerous tributary fans. Some small tributaries 
have built fans on each successively formed terrace, with the result 
that as many as six or seven fans now appear, one below the other, 
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Ficure 1. Enp MorAINnE NEAR WITHROW 
Looking northeast, from the nonglaciated plateau to the distal slope of the moraine, rising 
sharply above the Columbia Plateau. 


Figure 2. CANYON 
Looking north from below Bridgeport, showing basalt cliffs, the ‘‘Great Terrace,’”’ and the 
Columbia River. 
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Figure 1. Tue “Great TERRACE” aT BREWSTER FLAT 
The Okanogan joins the Columbia here. A stream terrace is shown cut into the face of the 
“Great Terrace.”’ Both benches are notched by ravines. 


Figure 2. Granp CouLeE INTAKE 
Looking west from the east wall. The Nespelem silt floors the intake in the middle distance. 
The Columbia River lies to the right, just out of view. 
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each one trenched along one radius, together with the terrace on which 
it rests. Where lateral cutting has predominated strongly over down- 
cutting, large tributary fans have been gutted by the streams that built 
them, and smaller fans have been formed within the gutted remnants. 
As a result, series of several fans-within-fans are now visible, only the 
innermost one being nearly whole. 

Judging from the behavior of the Okanogan River at present, lateral 
deflection of this stream during terrace-cutting took place chiefly be- 
cause growing tributary fans crowded the main stream now to one 
side, now to the other. The modern stream shows this “fan-dodging” 
habit more commonly than the normal meandering habit. Small trib- 
utaries, likewise, are fan-controlled, commonly following either fan 
radii or interfan creases. 

Not all the stream terraces—perhaps none of them—were made 
under ice-free conditions. Along the lower Okanogan, some of the 
terraces carry kettles singly or in extensive groups. Kettles are present 
in low terraces south of Riverside and north of Malott, and are espe- 
cially well developed about three miles below Pateros. Buried ice 
was present while such terraces were in the making. 

Locally the terrace-cutting streams were temporarily superposed 
across bedrock spurs. Striking examples in the Columbia canyon are 
an abandoned bedrock channel two miles long, opposite Pateros, and 
a similar channel one mile long, two miles east of Bridgeport. 


THE “GREAT TERRACE” 
DISTRIBUTION AND FORM 


The most conspicuous of the terraces in the Columbia canyon below 
the mouth of the Okanogan stands 400 to 500 feet above the river. 
This feature, termed by Russell?*® the “Great Terrace,” consists of 
masses of silt (rock flour), sand, and gravel, forming benches along 
the Columbia canyon (PI. 15, fig. 2) as far upstream as Bridgeport, 
and along the Okanogan trench as far north as Tonasket. In many 
places it is discontinuous, as a result here of lack of initial deposition, 
there of later erosional trimming; but single stretches many miles in 
length are common (PI. 16, fig. 1). 

The upper surface of this terrace is marked by meander scarps and 
meander channels, some of them broad and deep, by extensive fans apex- 
ing at tributary mouths, by groups of kettles individually reaching half 
a mile in length, and locally by undulatory topography with closed de- 


151, C. Russell: A geological reconnaissance in central Washington, U. S. Geol. Surv., Bull. 108 
(1898) p. 78; The great terrace of the Columbia and other topographic features in the neighbor- 
hood of Lake Chelan, Washington, Am. Geol., vol. 22 (1898) p. 363; General geology of the Cascade 
Mountains in northern Washington, U. 8. Geol. Surv., 20th Ann. Rept., pt. 2 (1900) p. 176. 
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pressions, suggesting irregular letting-down of sediment over deeply 
buried, wasting ice. Because of these irregularities, local elevation 
readings record details of fans, channels, kettles, and sags, and are 
somewhat inconsistent. On Brewster Flat, a conspicuous expansion 
of the terrace west of the Okanogan at its mouth and on the corre- 
sponding broad remnant east of the river, the surface averages 1250 
feet. above tide (400 feet above the river). The terrace extends con- 
tinuously up the Okanogan for several miles, and is interrupted to 
the north by a long narrows in which the river has washed the terrace 
material from the walls of the trench, leaving only small remnants in 
protected niches. Between Malott and Okanogan, the terrace expands 
into Tarheel Flat, a broad pitted plain sloping away from a tributary 
(Spring Coulee) at 1300 feet, to 1225 feet where it is undercut by the 
Okanogan. Tarheel Flat merges north into the great Pogue Flat, 
twenty square miles in area, its surface rising from 1230 feet on the 
south, to 1330 feet near the point where the local tributary, Johnson 
Creek, enters the Okanogan trench. The “Great Terrace” also partly 
fills Wagonroad Coulee (mentioned earlier in this discussion) as an 
irregular kettled and sagged deposit, reaching elevations up to 1340 
feet. The fill in Wagonroad Coulee is continuous at its north end 
with an expansion, or “flat,” on both sides of the Okanogan at Tonasket. 
This “flat” is extensively pitted on both sides of the river, and rises 
from 1300 feet near the river to 1425 feet at the mouth of a tributary 
coulee. Five miles north of Tonasket the “Great Terrace” re-appears 
as a narrow bench west of the river, about 1250 feet above tide, at the 
mouth of a tributary coulee. This is its northern limit. From this 
point north to the International Boundary, bedrock is exposed in the 
sides of the Okanogan trench down to nearly 1000 feet above tide (60 
to 100 feet above the river), where extensive kettle complexes indicate 
the presence of wasting ice here during the accumulation of the “Great 
Terrace” sediments farther south. 


COMPOSITION, STRATIFICATION, AND STRUCTURE 


The “Great Terrace” consists of sand (mostly fine), silt, and subor- 
dinate gravel, with parallel beds not far from horizontal, and in many 
sections delicately laminated (Pl. 17, fig. 1). The gravel is most abun- 
dant at or near the upper surface of the terrace near the mouths of 
tributaries, implying fan-building over the completed deposit, and 
stringers of gravel and coarse sand occur far down in some sections. 
Evidently the great bulk of the silt and the sand is of lake origin, and 
was augmented by minor quantities of coarse débris introduced, not 
as deltaic beds but by fan-building streams of highly variable flow 
and frequently changing points of discharge. Some sections include 
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minor unconformities, none of which, however, definitely indicates 
emergence or even sudden shoaling of the lake water. Fluctuation 
of the water surface may be admitted as possible, but is not proved. 


ORIGIN 


The “Great Terrace” in the Columbia canyon below the mouth of 
the Okanogan was judged by Russell ** to be a-‘stream merging south- 
ward into a great delta built into a lake that filled the Columbia 
Valley. W. L. Dawson *’ considered it to be a normal stream terrace. 
Waters ?* stated that the component material was deposited chiefly 
in local lakes dammed by ice and débris. The writer believes that the 
“Great Terrace” in the Okanogan trench differs in no significant re- 
spects from the terrace farther south, and agrees in the main with 
Waters’ interpretation. Having in mind the ice-marginal character 
of the higher, earlier-formed terraces, one may conceive of the much 
more bulky “Great Terrace” as recording a time when the ice in the 
Okanogan trench and the Columbia canyon had wasted enough to 
permit water to drain from one tributary around spurs to the tribu- 
tary next down-valley, thus building sediment more or less continu- 
ously along the valley sides, in accumulations hundreds of feet in 
thickness. The main factor in retaining water to a high level in the 
Okanogan Valley was the presence of residual ice and thick outwash 
in the Chelan region. The rather consistent general elevation of the 
upper surface of the “Great Terrace” favors the view that a single 
body of water controlled the entire deposit, although it is possible 
that irregularly wasting ice and tributary fans afforded additional 
temporary dams and broke up the continuity of the lake. The kettle 
complexes on Tarheel Flat and at Tonasket, and some of the kettles 
on Brewster Flat indicate that residual ice outlasted the building of 
the “Great Terrace” in some parts of the Okanogan trench as well. 

In a late stage of the process, when much, if not all, of the ice 
remaining along the lower Okanogan and the Columbia had become 
deeply buried, wastage of some of the few remaining ice masses, coupled 
probably with reduction in the quantity of débris washed in by the 
tributaries, brought aggradation to a close and commenced the slow 
terracing of the accumulated body of deposits. Thus, stream terraces 
were cut at elevations at first only slightly below the surface of the 
“Great Terrace” —stream terraces common to the region of still-buried 


16], C. Russell: The great terrace of the Columbia and other topographic features in the neigh- 
borhood of Lake Chelan, Washington, Am. Geol., vol. 22 (1898) p. 364. 

17 W. L. Dawson: Glacial ph in Okanogan Co., Washington, Am. Geol., vol. 22 (1898) 
p. 214. 

18 A, C. Waters: Terraces and coulees along the Columbia River near Lake Chelan, Washington, 
Geol. Soc. Am., Bull., vol. 44 (1933) p. 815. 
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ice, and to the outwash beyond the ice. Wastage continued well into, 
if not throughout, the terrace-cutting, as indicated by kettle complexes 
in the erosional terraces themselves. The change from terrace building 
to terrace cutting was gradual, therefore, and was further softened by 
the long persistence of imbedded ice. 


NESPELEM SILT 
GENERAL RELATIONS 


The Columbia canyon and the valleys of its immediate tributaries 
contain a great quantity of laminated silt. This sediment was de- 
scribed by Pardee,’® who named it the Nespelem silt. It constitutes 
extensive terraces, and is in places hundreds of feet thick. The silt, 
consisting of fine rock flour of pale color, is laminated nearly hori- 
zontally, and includes layers of clay. It is partly consolidated in 
places, with a blocky appearance due to vertical jointing (Pl. 17, 
fig. 2). Itis fresh, has not been overridden by ice, and is obviously as 
recent as the latest glacial deposits in the region. 

The Nespelem silt constitutes a paired terrace, the dissection rem- 
nant of a lacustrine filling of the Columbia canyon. The upper surface 
of this terrace, which is referred to here as the Nespelem silt terrace, 
is uneven, but approximates 1700 feet above tide (PI. 18, fig. 1). Aside 
from broad undulations in the constructional upper surface of the 
terrace itself, numerous tributary fans provide additional variations. 
Table I shows typical elevations on the terrace surface. 


Taste I 
Elevation of upper surface 
Locality of terrace (feet) 
Opposite mouth of Spokane River.........................2005. 1730 
Six miles below Peach (South wall)........................0005 1710 
Above Hell Gate Rapids (South wall).......................05. 1680 
At mouth of Sanpoil River (North wall).....................04. 1660 
At mouth of Sanpoil River (South wall)........................ 1680 
Three miles up Nespelem River (Nespelem Agency)............ 1730 
Five miles up Nespelem River (Nespelem P. O.)................ 1750 
Grand Coulee, five miles south of Steamboat Rock.............. 1630 
Grand Coulee, at Coulee monocline .... ...................... 1580 
Grand Coulee, two miles north of Coulee City................... 1560 
Grand Coulee, at Coulee City scabland area...................... 1550 


1 J. T. Pardee: Geology and mineral resources of the Colville Indian Reservation, Washington, 
U. 8. Geol. Surv., Bull. 677 (1918) p. 28, 47. 
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Ficure 1. ExposuRE NEAR OMAK 


Showing laminated silt in the face of the “‘Great Terrace.” 


Figure 2. oF NESPELEM SILT 
Exposure on the north bank of the Columbia above the Grand Coulee intake. 


SILT ALONG THE COLUMBIA 
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Ficure 1. TERRACE 
On the north wall of the Columbia canyon, twelve miles upstream from mouth of the Sanpoil. 


Figure 2. NortH WALL OF THE COLUMBIA CANYON 
At the mouth of the Nespelem River, showing the Nespelem silt terrace (low skyline in center 
of picture), the prominent stream terrace (the intermediate bench), and a low stream terrace 
(with whitish face). 


NORTH WALL OF THE COLUMBIA CANYON 
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The silt extends down the Columbia canyon from above the mouth 
of the Spokane River to the Grand Coulee. In the Coulee, whose floor 
hangs more than 500 feet above the Columbia, it is present partly as 
a channeled fill and partly as a veneer over gravel knolls and small 
constructional terraces of the type described in a foregoing section 
(Pl. 16, fig. 2). Maintaining its fine grain and horizontal lamination, 
it extends down the Coulee 22 miles to Coulee City, where it ends in 
a patchy manner at an elevation of 1550 feet (Table I) in a scabland 
complex that forms the southern end of a rock basin.” 

The Nespelem silt terrace, reaching a general elevation of about 
1700 feet, is present also in the Columbia canyon below the Grand 
Coulee intake; but below the mouth of the Nespelem the terrace be- 
comes less distinct, and the silt includes increasing quantities of sand 
and gravel. Near the southern end of the Omak Lake Trench, and, 
less distinctly, at a point opposite Barry, the surface of the deposit 
is knolled, like the ice-contact faces of the constructional terraces al- 
ready described, common at higher elevations along the Columbia 
north and west of the Grand Coulee intake. 

The silt terrace has not been identified with certainty west of the 
Omak Lake Trench. The dissected fills of two tributary entrants, 
Tumwater Basin (sand and silt at 1710 feet) and Foster Creek near 
Bridgeport (silt at 1670 feet), each built while ice blocked the mouth 
of the entrant, may correlate with the Nespelem silt; but as each 
is an isolated deposit, the relationship can not be determined. 

Along the Columbia are stream terraces cut from the silt-fill by the 
river. Most exposures in these terraces show the silt veneered with 
stream gravel. Like the upper surface of the Nespelem silt terrace, 
the surfaces of the stream terraces are modified by fans. These benches 
are not paired, and no one of them attains the continuity of the high 
silt terrace. As discontinuous remnants, they are present in the 
Columbia canyon from above the mouth of the Spokane to the mouth 
of the Okanogan, where they merge with the Okanogan stream terraces 
already described. At many points throughout this distance there 
are six or more terraces in a single section. At many places between 
the mouth of the Sanpoil and the mouth of the Okanogan, however, 
one of the terraces is broader than the others, and appears as remnants, 
conspicuously flanking both walls of the canyon (PI. 18, fig. 2). This 
terrace was regarded as a unit by Pardee ** (“1400-foot terrace”), and 
the writer, after examining the entire length of the canyon, so con- 


% J Harlen Bretz: The Grand Coulee, Am. Geogr. Soc., Spec. Publ., no. 15 (1932) p. 76. 
2 J, T. Pardee: Geology and mineral resources of the Colville Indian Reservation, Washington, 


U. S. Geol. Surv., Bull. 677 (1918) p. 15. 
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siders it, although it must be admitted that the subjective element can 
not be entirely eliminated from the correlation of discontinuous terrace 
remnants. Table II gives elevations on its surface. 


Taste II 
Elevation of upper surface 
Locality of terrace (feet) 
Southern end of Omak Lake Trench...... .................... 1330; 1370 
Five miles upstream from Bridgeport........................04. 1250 


In the Bridgeport-Brewster region this bench apparently merges 
into the “Great Terrace,” described in a foregoing section. Like the 
Nespelem silt terrace, it exhibits ice-contact features in the Omak Lake 
Trench, and near Barry it is locally absent in entrants between spurs, 
where it should be present if it represented rock-defended remnants of 
a deposit that filled the canyon to a continuous plane. The component 
silt includes sand and gravel in the zone below the mouth of the 
Nespelem. In this same zone, remnants of stream terraces interme- 
diate between the two are scanty. 

To sum up: The Nespelem silt terrace consists of laminated silt 
above the Grand Coulee intake and in the Coulee itself, and is the 
dissected filling of an extensive lake. Along the Columbia below the 
intake it includes coarser sediments, was, at least locally, built in 
the presence of ice, and pinches out irregularly westward. The most 
prominent stream terrace cut into the silt, too low by more than a 
hundred feet to reach the hanging floor of the Grand Coulee, is also 
poorly developed, with ice-contact character, below the Grand Coulee 
intake, and traced down the Columbia it appears to merge with the 
“Great Terrace.” 

ORIGIN 

Pardee ** correlated the Nespelem silt with Dawson’s “White silts” 
in British Columbia, and visualized its deposition as the result of sub- 
mergence that brought the present 1700-foot contour down to sea level. 
Bretz** argued, with reason, that the limited distribution of the silt 
precludes a hypothesis of general subsidence, and favored a “lake or 
a very sluggish river” dammed by ice at the Coulee intake, as the 
depositing medium. 


22 Op. cit., p. 42, 48. 
23 J Harlen Bretz: The Grand Coulee, Am. Geogr. Soc., Spec. Publ., no. 15 (1932) p. 76. 
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The fact that the drift border crosses the Columbia exactly at the 
intake leaves little room for doubt that the silt is the filling of a lake, 
ice-dammed northwest of the intake, and fed by meltwater from ice 
in the upper Columbia, the Sanpoil, and the Spokane valleys. The 
fact that the silt is continuous down the Grand Coulee, and ends in a 
basalt threshold dissected to form scabland, shows that an arm of the 
lake extended down the Coulee and that the water level was controlled 
by the threshold at Coulee City, the water escaping south through the 
Lower Grand Coulee. The vertical distance between the scabland butte- 
tops and the scabland channels in the threshold itself is about 30 feet, 
and the feather edge of the silt at the threshold is at least as high as the 
butte-tops. Thus, channeling of the basalt to produce scabland with a 
relief of 30 feet may be attributed to the lake outflow. The gradual 
descent of the silt surface, however, from 1670 feet at the intake to 1560 
feet near Coulee City (Table I) seems to demand a postglacial north- 
ward upwarping of the order of five feet per mile, measured along the 
trend of the Coulee. No satisfactory water planes, against which the 
movement could be checked, have been identified as yet in the north- 
south Sanpoil and Columbia trenches. Warping of this type in a drift- 
border zone is, however, inherently probable, and the facts seem to 
require it. 

At the maximum advance of the Okanogan lobe during the last gla- 
ciation, the ice margin stood along the line indicated in Figure 1, block- 
ing both the Columbia canyon and the Grand Coulee. From the time 
the ice began to flow into the trench, the Columbia was converted into 
an extensive lake, locally at least 700 feet deep, fed by meltwater dis- 
charged into it farther northeast. The ice apparently filled and 
dammed the Grand Coulee long enough to force the lake water to 
rise much higher than the upper limit of the Nespelem silt. This is 
indicated by a series of faint horizontal markings, locally present on 
the cliffs and slopes along the Columbia east of the Coulee, as far 
upstream as the mouth of the Sanpoil. The markings, which lie as 
high as 300 feet above the Nespelem silt terrace, are like those made 
at the shores of deep ephemeral lakes comparatively free from sedi- 
ment.** 

At the same time, gravel knolls and constructional terraces, some of 
them controlled by local bedrock thresholds, were built in local entrants 
on both sides of the Grand Coulee intake and on both sides of the 
Columbia canyon below the intake. Somewhat later the ponded water 


%J Harlen Bretz: Glacial drainage on the Columbia Plateau, Geol. Soc. Am., Bull., vol. 34 
(1923) p. 604. 
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leaked through the wasting ice on the intake floor and extended itself 
south to the scabland lip near Coulee City, which then became the 
outlet of the lake. Ice wastage also permitted the water to extend 
northwest, down the Columbia canyon, along the two lateral margins 
of the ice that still blocked the canyon. Thus, the destruction of the 
ice dam began. In the long time that ensued, silt nearly filled the 
lake above the intake, but only partly filled it below the intake 
because of the residual ice still present there. A section exposed on 
the west bank of the Columbia, two miles above Barry, showing intense 
local contortion of the silt, may record ice thrust at about this time, 
but otherwise there is no indication that the ice in this district was any 
longer actively moving. 

Continuing ice wastage resulted at length in the leakage of water 
westward past residual ice in the Columbia canyon, so as to escape 
via the Columbia—the route it had followed before the ice dam was 
formed. The Grand Coulee was thereupon abandoned, and the former 
_ lake floor east of the intake was exposed to erosion. The drop from 

the Nespelem silt terrace plane to the prominent stream terrace, 300 
feet lower, was not sudden, because the intermediate terraces east of 
the Grand Coulee intake record downcutting accompanied by extensive 
lateral erosion. This was brought about probably by escape of the 
water through narrow channels along the margins of tens of miles of 
residual ice, and across the ice itself, which greatly retarded the lower- 
ing of the stream profile. 

The apparent identity of the prominent stream terrace, just men- 
tioned, with the “Great Terrace” at and below the mouth of the 
Okanogan, implies that the “Great Terrace” sediment was being accu- 
mulated while the Nespelem silt was being dissected. Much of this 
silt, in reworked form, must have been incorporated, together with 
Okanogan Valley sediment, in the growing “Great Terrace” deposit, 
in a lake (or lakes) filling the expanded valley at the mouth of the 
Okanogan and extending south into the narrow ice-obstructed seg- 
ment between Brewster and Chelan. Wastage of the ice obstructions, 
as stated in another part of this paper, permitted slow dissection of 
the “Great Terrace” fill, and concomitant cutting of the lower stream 
terraces along the Columbia above the mouth of the Okanogan. 

The excellent discussion of the “Great Terrace” by Waters *° pre- 
sents the view that the surface of this mass below the mouth of the 
Okanogan bears the marks of a flood more than 100 feet deep, charged 


% A.C. Waters: Terraces and coulees along the Columbia River near Lake Chelan, Washington, 
Geol. Soc. Am., Bull., vol. 44 (1933) p. 817, 818. 
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with icebergs, resulting from the collapse of the ice dam in the Colum- 
bia canyon below the Grand Coulee. Evidence of the flood, which by 
implication occurred after the bulk of the “Great Terrace” was built, 
rests on the presence of large kettles in the surface of the terrace, 
concentrated on the upstream sides of spurs, at the outer sides of bends, 
and in at least one marginal bedrock channel (Alta Coulee). 

The writer is unable to agree that such a flood is necessary to explain 
the facts. Some of the larger kettles, notably those at the north end 
of Alta Coulee and on Brewster Flat southwest of Monse, seem to the 
writer to be the result of wastage of residual masses of glacier (not 
water-borne) ice, some of them protected from rapid wastage by virtue 
of their favorable positions on the north and the east sides (which 
happen to be also the upstream sides) of spurs. Others—perhaps 
nearly all—are probably depressions left by the wastage of grounded 
bergs, partly buried. But the lacustrine character of the bulk of the 
“Great Terrace” sediments affords suitable conditions for the local 
flotation of large bergs without invoking a flood. In fact, the essential 
stratigraphic unity of the exposed sections of the “Great Terrace” 
between the Okanogan and the Methow seems to preclude the possi- 
bility of a torrent of the date, the character, and the depth demanded 
by the flood hypothesis. Such a flood would surely have ripped away 
at least a part of the sediment in the higher part of the “Great Terrace” 
section, replacing it with flood-borne débris deposited unconformably 
on the earlier pre-flood material. No such unconformity has been 
noted. On the contrary, some sections reveal silt and fine sand nearly 
to the terrace top, and such gravel as is present appears to be related 
to local tributary fans. 

Again, on the flood hypothesis the “Great Terrace” along the Colum- 
bia should be markedly different from the “Great Terrace” along the 
lower Okanogan, which could not have been affected by the flood. 
No such difference has been observed. Also, kettles should be present 
in similar positions in the Columbia canyon above the mouth of the 
Okanogan; yet few occur. Finally, the apparent continuity of the 
“Great Terrace” with the prominent stream terrace up the Columbia 
canyon does away with the cause of the flood. The latter is post-“Great 
Terrace” in date; yet it is believed to have resulted from the collapse 
of an ice dam which must necessarily have been removed before the 
prominent stream terrace could take its place. It is the writer’s opinion, 
therefore, that if there was a flood, it must have antedated the building 
of the “Great Terrace,” so that records of it are not visible at the 
present surface. 
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CONCLUSIONS 


1. The wasting of the Okanogan lobe of the last ice invasion gave 
rise to vast quantities of stratified drift, the distribution of which shows 
that the ice wasted off the highlands while it remained in the chief 
valleys. 

2. The Nespelem silt records a deep and extensive late-glacial lake 
in the Columbia canyon, ice-dammed near the Grand Coulee intake. 
The lake drained southward over a scabland threshold in the Grand 
Coulee. As the dam wasted, the lake extended itself down the Colum- 
bia, and eventually the water found outlet via the present drainage 
route, over residual ice. Below the mouth of the Okanogan, wasting 
ice and accumulating sediments gave rise to a lake, or lakes, in which 
the “Great Terrace” sediments were accumulated. The accumulation, 
together with the stream terrace graded with respect to it (7.e., the 1400- 
foot terrace of Pardee), was stream-dissected while buried ice still 


lingered in the canyon. 

The Coulee Dam, now being built across the Columbia canyon 
immediately below the Grand Coulee intake, would impound a lake 
like that formed by its glacial ancestor. It is expected that the dam 
will later be heightened enough to make practicable the pumping of 
Columbia River water, for purposes of irrigation, into its Pleistocene 
Grand-Coulee route. 
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INTRODUCTION 


Last year the author read before the Paleontological Society a paper 
prepared jointly with Arthur B. Cleaves on the Hamilton group of 
eastern Pennsylvania. A quoted summary of the results will render 
clearer the present interpretation of the same group in central Penn- 
sylvania:? 

“The authors have followed the Hamilton group from northern New Jersey to 
central Pennsylvania. Its four formations—Moscow, Ludlowville, Skaneateles, 
and Marcellus—can be recognized throughout except in New Jersey, where only 
the lower part of the group is identified, and in Perry County, where abnormal 
sedimentation tends to obscure boundaries. Certain subdivisions are recog- 
nized. 


* Manuscript received by the Secretary of the Geological Society, September 24, 1934. 
+ Published with the permission of the State Geologist of Pennsylvania. 

1 Bradford Willard and A. B. Cleaves: Hamilton group of eastern Pennsylvania, Geol. Soc. Am., 
Bull., vol. 44 (1933) p. 779-780. 
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Table 2—Hamilton Group of Eastern Pennsylvania 


Moscow Formation 
Windom member: Clayey shale and fine sandstone, dark-gray to buff or 
olive; usually very fossiliferous. Vitulina common, with or without Spiri- 
fer tullius. 


Ludlowville Formation 
A succession of alternating gray sandstone and shale not subdivided east of 
Perry County. 
Deep Run member: Dark shale, highly fossiliferous, with large specimens 
of Tropidoleptus common; Perry County only. 
Coral “reef” zone: Common at base, usually followed by storm-roller zone. 
Both die out westward, but fauna may survive into Perry County. 


Skaneateles Formation 

Undifferentiated dark-gray sandstone and shale in east, where fossils are 
scarce. 

Colgate member (?): Dark sandstone and shale, highly fossiliferous; on Sus- 
quehanna River (Rockville) only. 

Berwyn member: Sandstone, dark-gray, fine to shaly, quite fossiliferous. Vitu- 
lina at base. 

Delphi member: Dark shale and sandstone; sparingly fossiliferous. 

Rockville member: Light-colored sandstone, hard, fossiliferous; western sec- 
tions only. 

Mottville member: Shale and some sandstone; crinoidal limestone lentil in 
midst on Lehigh River. 


Marcellus Formation 
Cardiff member: Dark-gray to black, finely arenaceous shale, often highly 
fossiliferous; eastern sections only. 
Chittenango member: Dark to black shale, sometimes concretionary, nearly 
barren. 
Union Springs member (?): Black, sooty shale, fossiliferous. 


“The base of the Hamilton group is nearly always defined by the presence of 
the underlying Onondaga limestone or shale. The top is less clear and is often 
designated on faunal rather than on lithologic data. Although the Hamilton 
faunas lack several common New York forms, there is hardly a new species among 
them, nearly all being known from New York or Maryland. Most of the forma- 
tions thin slightly westward. For the Moscow this may be more apparent than 
real, owing to its ill-defined limits in some sections. The Skaneateles and the 
Ludlowville formations vary little except in Perry County, where their division 
is uncertain. The Marcellus (disregarding the New Jersey section) thins surpris- 
ingly from 880 feet in the east to 73 feet in Perry County. Lithologic change 
amounts chiefly to a slight increase in shale proportions westward, interrupted 
by the sudden appearance of the thick ‘Montebello’ sandstone in Perry County 
and adjacent sections.” 
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HAMILTON GROUP OF CENTRAL PENNSYLVANIA 
GENERAL CHARACTER OF THE GROUP 


In eastern Pennsylvania lithologic differences, supplemented by 
paleontologic evidence, divide the Hamilton group into four formations. 
In central Pennsylvania lack of recognition of lithologic differences 
forces one to draw all major divisions above the Marcellus upon faunal 
evidence alone. Only two formations are recognized lithologically. 
The lower is the Marcellus, continuous with the same formation in east- 
ern Pennsylvania. Usually, it is composed of sparingly fossiliferous, 
black, fissile, non-arenaceous shale, but, in the Susquehanna Valley, 
heavy sandstones split it into four members. The Hamilton, above 
the Marcellus, is dominantly dark but non-fissile, arenaceous or clayey 
shale, in which lenticular sandstones are not rare. In southern Juniata 
and Snyder and adjacent parts of Northumberland, Perry, and Dau- 
phin counties a thick sandstone more or less supplants these beds; in 
northeastern Fulton County, continental red beds take their place 
locally. It is because of these changes that the Skaneateles, the Lud- 
lowville, and the Moscow are lithologically obliterated in central Penn- 
sylvania, but the abundant faunas of the upper formation approxi- 
mately correlate its upper, middle, and lower portions, respectively, 
with those three formations in the east. 


DISTRIBUTION 


Close folding and subsequent erosion of the Paleozoic systems in 
central Pennsylvania have sometimes extensively exposed, and again 
completely removed, the Devonian. Throughout the exposed regions, 
scores of partial, or complete, sections have been studied. On the east, 
the group first appears from beneath the anthracite fields (Fig. 1) along 
the western border of Luzerne County, whence it spreads westward 
throughout the lower Susquehanna-Juniata valleys region and from 
there southwestward along intermontane valleys into Maryland. The 
group may be exposed as long, narrow belts in symmetrically folded 
areas or as a succession of zigzag bands, where pitching folds dominate 
the structure. The present discussion is limited to counties in the 
middle part of the State; for, although data on the Hamilton group 
have been collected at a few localities along the Allegheny Front, and 
immediately east thereof, information is still too incomplete to be 
utilized. 

LOWER AND UPPER LIMITS 

The lower and the upper limits of the Hamilton group of central 

Pennsylvania are better defined than to the east. The base of the 


i 
i 


MIN 


Aasuar 


Uy Paquosep 2q 04 50 ‘ 
uaded siy4 paquosep 4o sey 


198 8B. WILLARD—HAMILTON GROUP OF CENTRAL PENNSYLVANIA 


453m 


VINISSIA 


NY 
| 
: 
| 
li | 
| 


LOWER AND UPPER LIMITS 199 


Marcellus black shale is occasionally well exposed in the Susquehanna 
Valley, where it rests upon black to gray, usually chert-free Onondaga 
limestone and interbedded gray, calcareous shale. This limestone is 
exposed in railway and highway cuts east of Berwick and along the 
Susquehanna under the highway bridge at that town, but the Marcellus 
contact is not clear. In Montour County, on a road leading south 
from United States Highway 11, two miles east of Danville, three or 
four feet of reddish clay with cherts is in sharp contact with the Mar- 
cellus and seems to be a residuum from the Onondaga. This material 
may represent the Oriskany with the Onondaga entirely absent, for no 
confirmatory fossils were found. I. C. White? pointed out the ap- 
parent absence of the Oriskany in eastern Columbia County. This 
may be equally true of the Onondaga. In western Northumberland 
County, in the Selinsgrove Junction section* and in exposures along 
the railway and State Highway 14, south of Dalmatia, the contact 
shows that the Marcellus is sharply separated from the dark Onondaga 
limestone by a sandstone band, two to three inches thick. This relation 
is duplicated in eastern Perry County. West of the Susquehanna- 
Juniata valleys, the Onondaga gradually changes to buff or greenish- 
weathering, dark shale with little or no limestone. The contact is 
concealed in all Snyder or Union County sections studied. Along 
Delaware Creek, in Juniata County, the Onondaga rises in a small 
anticline, exposed along State Highway 135, north of Thompsontown. 
The top is massive, dark-gray limestone alternating with dark, platy 
shale which pass downward into greenish shale. The overlying, dark, 
fissile Marcellus shale is separated from the Onondaga by sixteen 
inches of friable, buff or pepper-and-salt, brown- or rusty-weathering, 
barren sandstone. All these sections imply a disconformity between 
the Onondaga and the Marcellus, but in no section was any discord- 
ance of dips found between them. 

At McCoysville, in western Juniata County, the same situation was 
found. The Onondaga is impure, muddy limestone, alternating with 
buff or greenish shale and passing abruptly upward into Marcellus 
black shale, with about an inch of sandstone at the contact. Thence, 
southwestward into Huntingdon County, the Onondaga is dominantly 
shale, but all contacts with the Marcellus are either concealed or too 
poorly exposed to afford precise information. The formations are 


21, C. White: The geology of the Susquehanna River region in the siz ties of Wyoming, 
Lackawanna, Luzerne, Columbia, Montour, and Northumberland, Pa. Second Geol. Surv., vol. G7 
(1883). 

8 Bradford Willard: The Devonian section at Selinsgrove Junction, Pennsylvania, Am. Midl. Nat., 
vol. 13 (1932) p. 222-235. 
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probably transitional with one another. Southward, in Fulton County, 
the Onondaga-Marcellus contact along United States Highway 533, 
between Needmore and Warfordsburg, is transitional, about four feet 
of alternating black and olive shales lying between beds definitely 
assignable to the Onondaga or the Marcellus, respectively. This 
agrees with conditions in Maryland.‘ 

The upper contact of the Hamilton group with the Portage is 
variously defined. In eastern Pennsylvania the Moscow shale is 
commonly distinguished by the presence of a Vitulina pustulosa zone. 
This fossil occurs similarly from Northumberland County eastward 
into Columbia County, where it is common. Immediately west of 
the Juniata it is not recognized, because of erosion or concealment 
of the upper part of the Hamilton, in Juniata and southeastern Hun- 
tingdon counties. In northern Fulton County, continental sedimenta- 
tion drove it out, but in southern Fulton County, Vitulina pustulosa 
re-appears near the top of the group in marine sediments. 

Tully limestone is probably present in a few localities. The writer 
is unaware of any correctly identified outcrop of Tully in Penn- 
sylvania, with the possible exception of a limestone band carrying 
Chonetes aurora reported by Butts® near Altoona, but the presence 
of Tully limestone is established in well records in the northern tier 
of counties.* In Columbia and eastern Northumberland counties a 
limestone separates the Vitulina beds, at the top of the Hamilton, 
from the Genesee black shale. This may have been the limestone 
observed by I. C. White,’ but his identification is obscure. It was 
dismissed by Williams and Kindle * as follows: 

“This bed [White’s] has been called the Tully limestone by the Pennsylvania 
Survey. As it lies between typical Hamilton and Genesee beds, it unques- 
tionably occupies the stratigraphic position of the Tully limestone of New 


York, but all of the fossils are Hamilton species, not one of the characteristic 
Tully forms appearing.” 


*C. S. Prosser, E. M. Kindle, and C. K. Swartz: The Middle Devonian deposits of Maryland, 
Md. Geol. Surv., Middle and Upper Devonian (1913) p. 23-335; G. W. Stose and C. K. Swartz: 
Description of the Pawpaw and Hancock quadrangles [Md., W. Va., and Pa.], U. 8S. Geol. Surv., 
atlas, folio 179 (1912). 

5C. Butts: Geologic section of Blair and Huntingdon counties, central Pennsylvania, Am. Jour. 
Sci., 4th ser., vol. 46 (1918) p. 523-537. 

®C. R. Fettke: Subsurface Devonian and Silurian sections across northern Pennsylvania and 
southern New York, Geol. Soc. Am., Bull., vol. 44 (1933) p. 601-660. 

7I. C. White: The geology of the Susquehanna River region in the six counties of Wyoming, 
Lackawanna, Luzerne, Columbia, Montour, and Northumberland, Pa. Second Geol. Surv., vol. G7 
(1883). 

®H. 8S. Williams and E. M. Kindle: Contributions to Devonian paleontology, U. 8. Geol. Surv., 
Bull. 244 (1905) p. 70. 
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The author inclines to the belief that it is Tully. His belief is based 
upon faunal and lithologic agreement with certain Tully exposures 
in eastern New York, newly described by Cooper.’ Details must be 
reserved for a future report when a study of the fossils has been 
completed.'° 

The “Genesee” is widespread, east of the Juniata River, as a black 
shale with several species of Buchiola or related forms and Styliolina 
fissurella common. Westward, in south-central Pennsylvania, this 
shale disappears, and the top of the Hamilton is drawn at the base of 
greenish shales and sandstones, the equivalent of the basal Wood- 
mont of Maryland. 

Thus, in the eastern part of central Pennsylvania, the upper limit 
of the Hamilton group is defined by one or more of three criteria; 
namely, (1) a Vitulina zone near the top of the group, (2) local 
occurrence of probable Tully limestone above beds of Moscow age, 
and (3) the overlying Genesee black shale, or, in southwestern sec- 
tions, greenish shales. 

THICKNESS 

The thickness of the Hamilton group ranges from a minimum of 
1,100 feet to a maximum of 1,650 feet, with an average of 1,335. 
Although there is considerable irregularity, the tendency is to thicken 
westward. This appears paradoxical in that the thicker sections have 
the least coarse sandstone in proportion to shale. In central and 
eastern Pennsylvania the finer Hamilton clastics appear to have 
undergone more rapid deposition than the coarser, a significant fact, 
considering accepted views on rates of sedimentation. 


SUBDIVISIONS 


General statement.—In eastern Pennsylvania, lithologic inequalities, 
supplemented by paleontologic evidence, divide the Hamilton group 
into four formations. In central Pennsylvania, lack of recognized litho- 
logic differences forces one to draw all major divisions above the 
Marcellus upon faunal evidence. The post-Marcellus Hamilton is 
dominantly dark, more or less finely arenaceous or clayey shale in 
which lenticular sandstones are not rare. In southern Juniata and 
Snyder and adjacent parts of Northumberland, Perry, and Dauphin 
counties a thick sandstone more or less supplants the post-Marcellus 
shales. 


®G. A. Cooper: Stratigraphy of the Hamilton group of eastern New York, Part I, Am. Jour. 
Sci., 5th ser., vol. 26 (1983) p. 537-551; Part II, op. cit., vol. 27 (1984) p. 1-12. 

10 Since this paper was presented, the author has proved that this is truly Tully limestone. 
Furthermore, he has put in a season’s field work along the Allegheny front and has found the 
Tully present over much of that region. 
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Recent Maryland workers *' have used the term, Romney formation, 
to include the Hamilton, the Marcellus, and the Onondaga members. 
These “members” were separated on the basis of lithology and pale- 
ontology, but no further faunal subdivisions were attempted, and the 
only lithologic units distinguished in the Hamilton were certain sand- 
stones, supposed to be widely distributed but not continuous. Pos- 
sible equivalents of these sandstones occur in Fulton County,’* and 
also in Huntingdon County,’* and Claypole ‘* thought them extensions 
of his Montebello sandstone in Perry County. Present studies, based 
upon faunal evidence, make it appear that little reliance can be 
placed upon these sands as datum planes. What have been thought 
to be continuous beds, are probably local lenses, at various strati- 
graphic positions and extending only a few miles. Details of the 
sections in Plate 19 indicate this; also, that these sandstones are 
neither equivalent to, nor extensions of, the Montebello sandstone. For 
the present, the Hamilton group of central Pennsylvania is subdivided 
as follows: 

Hamilton group 

Mahantango formation 
Moscow faunal facies Plus or minus the Montebello 
Ludlowville faunal facies $ sandstone and Knobsville 
Skaneateles faunal facies | continental beds 

Marcellus formation 
Mahanoy black shale member 
Mexico sandstone member 


Turkey Ridge sandstone member 
Shamokin black shale member 


Marcellus formation.—The Marcellus formation varies in thickness 
from a maximum of 675 feet, in western Juniata County, to 200 feet, 
in southern Fulton County. Principally, it is black shale, finely 
arenaceous to soft, and sooty. In the extreme eastern and western 
sections only black shale occurs, but, midway between these, inter- 
bedded sandstones break up the formation into four members, which 
to a greater or less extent intergrade. The Mahanoy and the Sha- 


uC. S. Prosser, E. M. Kindle, and C. K. Swartz: The Middle Devonian deposits of Mary- 
land, Md. Geol. Surv., Middle and Upper Devonian (1913) p. 23-335; G. W. Stose and C. K. 
Swartz: Description of the Pawpaw and Hancock quadrangles [Md., W. Va., and Pa.], U. 8. 
Geol. Surv., atlas, folio 179 (1912). 

12 J. J. Stevenson: The geology of Bedford and Fulton counties, Pa. Second Geol. Surv., vol T2 
(1885). 

137. C. White: The geology of Huntingdon County, Pa. Second Geol. Surv., vol. T3 (1885). 

%E. W. Claypole: A preliminary report on the palaeontology of Perry County, Pa. Second 
Geol. Surv., vol. F2 (1885). 
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mokin black shale members are in the upper and the lower portions, 
respectively, and are quite similar. 

The Mahanoy black shale is named from Mahanoy Township, in 
southwestern Northumberland County, where it is well exposed. It 
is also clearly shown in the Blue Spring section, southwest of Mexico, 
where it attains a maximum thickness of about 200 feet. It is fissile, 
nearly barren, black shale. 

The Shamokin black shale, named from Shamokin Creek, in west- 
ern Northumberland County, where it shows in the north limb of 
the northern Selinsgrove Junction anticline, is mostly fissile, black 
shale, but tends, in part, to be finely arenaceous (Cardiff phase). 
Large siderite concretions are sometimes found in its upper part.. In 
the Blue Spring section, two feet of dark limestone bisects this mem- 
ber. This limestone is a coquinite of what seem to be shells of a 
species of Ambocoelia. Styliolina fissurella also is present, but is 
not so abundant as to warrant the appellation “Styliolina limestone.” 
The Shamokin black shale is about 250 feet thick at Selinsgrove Junc- 
tion. It carries an occasional Liorhynchus limitare or Styliolina fissu- 
rella and a few other small forms. 

The Mexico sandstone member takes its name from the village of 
Mexico, in central Juniata County. It is exposed in a hill east of 
the town, and again in the Blue Spring section, southwest of Mexico, 
but attains a 275-foot maximum in the McCoysville section, whence 
it thins rapidly to nothing in western Juniata County. Eastward, it 
remains close to 100 feet thick, through the Dalmatia section, after 
which it almost immediately disappears. Northward, it dies out well 
within Juniata and Snyder counties. It is a fine sandstone, light 
gray to whitish, platy, and easily recognized by the fact that the 
bedding surfaces weather brown. It separates the Mahanoy and the 
Turkey Ridge members. Usually barren, an occasional Marcellus 
fossil has been found in this member. 

The Turkey Ridge sandstone takes its name from Turkey Ridge, 
which separates eastern Juniata and Perry counties. It is best seen 
in the Delaware Creek section, and is well exposed in several sections 
west thereof. Its maximum thickness, slightly over 200 feet, is in the 
Juniata Valley, whence it thins gradually to the east and to the west, 
having nearly identical areal distribution with the Mexico sandstone. 
No fossils have been discovered in this member. It is a flaggy to 
massive, comparatively coarse, hard, olive-gray sandstone and is often 


45 Bradford Willard: The Devonian section at Selinsgrove Juncti: P. ia, Am. Midl. 


Nat., vol. 13 (1932) p. 222-235. 
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so strikingly similar in appearance to the Oriskany (Ridgeley sand- 
stone member) of this region as to be all but indistinguishable save 
on paleontologic data. Figure 2 shows the areal distribution of the 
Mexico and the Turkey Ridge sandstones and indicates how they thin 
to a feather edge in passing northeast, north, and northwest from 
northern Dauphin and Perry counties. 

The fauna of the entire Marcellus is sparse and specifically limited. 
The careful searcher usually discovers an occasional Liorhynchus 
limitare; Styliolina fissurella is often abundant. The following com- 
plete faunal list of the entire formation in central Pennsylvania 
appears meager compared with the numbers of organisms present in 
a. single exposure in Monroe County:'® 


Crinoidea, columnals Modiomorpha cf, alta Hall 
M. mytiloides (Conrad) 

Lingulella sp. 

Lingula ligea Hall Styliolina fissurella (Hail) 

Orbiculoidea lodiensis var. Tentaculites bellulus Hall 
media Hall 

Chonetes scitulus Hall Orthoceras subulatum Hall 

Strophalosia truncata (Hall) Orthoceras ? 

Liorhynchus limitare (Vanuxem) Bactrites sp. 

Ambocoelia sp. Goniatite, indet. 

Buchiola sp. nov. Phacops rana (Green) 


Liopteria laevis Hall 
Plantae, wood fragments, others. 


The base of the Marcellus is delimited by the Onondaga shale or 
limestone. The top is usually drawn beneath the lowest beds carry- 
ing an assembly of Hamilton (senso stricto) fossils. In Perry and 
Dauphin counties and adjacent sections, the upper limit is sharp, for 
the Hamilton facies faunules commonly appear simultaneously with 
the laying down of the first Montebello sandstone beds, in sharp 
contrast with the black shale. Beyond the region of this sandstone 
the lower part of the Mahantango formation is dominated by dark, 
shaly sandstone and sandy shale, often lithologically so like the 
Marcellus that only on the basis of the fossil content can the forma- 
tions be separated. Lacking fossils in some sections, the top of the 
Marcellus has been drawn where the sandy beds become fairly com- 
mon, but only where conditions in adjacent sections support such an 
assumption. 


18 Bradford Willard: A Marcellus fauna from Stroudsburg, Pennsylvania, Am. Jour. Sci., 5th 
ser., vol. 24 (1932) p. 147-151. 
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Mahantango formation.—The name, Mahantango formation, is intro- 
duced to include all beds between the upper Marcellus (Mahanoy) 
black shale and the base of the Portage. This is equivalent to the 
term, Hamilton, as formerly in general use. As the name, Hamil- 
ton, is now a group term, and because the post-Marcellus beds in 
central Pennsylvania are lithologically inseparable into formations, 
it is necessary to employ some new title for these strata. It is 
named for the North Branch of Mahantango Creek in whose valley 
and in adjacent parts of Snyder and Juniata counties, are excellent 
exposures. The Mahantango formation is exposed throughout central 
Pennsylvania except in a few sections in south-central Juniata County 
where erosion has cut down into the Marcellus. Its thickness varies 
from a maximum of 1,100 feet, in Northumberland County, to a 
minimum of only about 500 feet, in western Juniata; the average is 
855 feet. With the exception of the prominent Montebello sandstone, 
to be described later, the Mahantango formation throughout is of 
nearly uniform lithology. It contains some rather heavy sandstone 
lenses in south-central Pennsylvania, but the dominant lithology is 
uniformly dark gray or brown, usually clayey or finely arenaceous 
shale to fine-grained, dark, shaly sandstone which may become platy 
or flaggy locally. There is little variation in the fresh rock other 
than these textural characters, but the weathered products differ con- 
siderably, producing sometimes small, polygonal chips, again pencil- 
shaped fragments, now large, irregular blocks, and occasionally thin, 
sandy plates. Spheroidal weathering is not uncommon in the more 
clayey shales, and is not always immediately distinguishable from 
the occasional storm roller bands. In general, these weathered mate- 
rials are lighter colored than the fresh rock. 

Usually, the Mahantango shales are highly fossiliferous, although 
the faunules are specifically more limited than in New York, approxi- 
mating the Maryland lists.’ Vast numbers of organisms are some- 
times found, the commonest, Spirifer mucronatus and Tropidoleptus 
carinatus, with Taonurus sp. usually present. Other brachiopods, pele- 
cypods, gastropods, bryozoans, and arthropods abound locally. With 
the application of paleontology it is possible to recognize, particularly 
in the eastern sections, faunal facies equivalent to the three forma- 
tions of eastern Pennsylvania. West of the Juniata the faunules are 
less diversified, the formation is partly concealed, and continental beds 
supplant the marine in northeastern Fulton County. In southern 
Fulton County, fossils again become plentiful, but it is more difficult 


17C, 8. Prosser, E. M. Kindle, and C. K. Swartz: The Middle Devonian deposits of Mary- 
land, Md. Geol. Surv., Middle and Upper Devonian (1913) p. 23-335. 
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to distinguish the three faunal facies. Particularly is this true of 
the Skaneateles, for 2 number of fossils, most common to that forma- 
tion, tend to re-appear at intervals, particularly in stray sandstones, 
in the higher parts of the column. 

In using the term, Mahantango formation, it will be recognized that 
this corresponds to what in Maryland is called “the Hamilton member 
of the Romney formation.”?® As Hamilton is now rated, in both 
New York and Pennsylvania, as a group term including at least four 
formations, the restricted Maryland use should be abandoned. The 
following table coédrdinates this terminology: 


New York and eastern Central 
Pennsylvania Pennsylvania Maryland 
Hamilton group......... Hamilton group......... Romney formation 
Moscow formation 
Ludlowvilleformation Mahantango formation Hamilton member 
Skaneateles formation 
Marcellus formation. . . Marcellus formation. .. Marcellus member 


Onondaga member * 


* Nore.—The Onondaga might have been included in the Hamilton group in Pennsylvania but 
for the Marcellus-Onondaga disconformity occasionally observed. Because of this relation it 
seems unwise as yet to make such a grouping; instead, to defer judgment pending completion of 
studies of the Hamilton group in Pennsylvania. 

In each case the lower limit of the Marcellus is drawn at the top of 
the Onondaga limestone or shale. The three Mahantango faunal 


facies, tabulating their fossils chronologically, are as follows: 


Hamilton fossils from the Mahantango formation 


NaME 
Skaneateles | Ludlowville | Moscow 

Streptelasma rectum Hall v.r. 

Zaphrentis prolifica Billings v.r. 

Z. simplex Hall Pp v.r. 
Chaetetes sp. v.r. 

Pleurodictyum sp. nov. p v.r. 


ta = abundant, c = common, p = present, r = rare, v.r. = very rare. 


18 Jbid.; G. W. Stose and C. K. Swartz: Description of the Pawpaw and Hancock quadrangles 
[Md., W. Va., and Pa.], U. S. Geol. Surv., atlas, folio 179 (1912). 
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Hamilton fossils from the Mahantango formation—Continued 


Distrisutiont 
NAME 
Skaneateles | Ludlowville | Moscow 
Hederella sp. v.r. 
Fenestella sp. p r 
Lichenalia sp. p Viki 
Diamespora cf. constricia Hall 
Bryozoa, undet. r a c 
Lingula ligea Hall 
Leptostrophia perplana (Conrad) p a p 
L. interstrialis (Vanuxem) v.r. 
Stropheodonta demissa (Conrad) p r 
S. inequistriata (Conrad) 
Schuchertella variabilis Prosser c p 
Chonetes mucronatus Hall r a 
C. coronatus (Conrad) p a Pp 
C. scitulus Hall a v.r. 
C. setiger (Hall) c p 
C. lepidus Hall c v.r. 
C. vicinus (Castlenau) a r 
C. marylandicus Prosser v.r. p v.r. 
Stropholosia truncata (Hall) v.r. 
Productella spinulicosta Hall p v.r. 
Dalmanella lenticularis (Vanuxem) r 
Rhipidomella vanuxemi Hall r v.r. 
R. leucosia Hall c p 
R. penelope Hall P 
Schizophoria striatula (Schlotheim) r 
Camarotoechia congregata (Conrad) r c 


ta = abundant, c = common, p = present, r = rare, v.r. = very rare. 


: 
| 


208 3B. WILLARD—HAMILTON GROUP OF CENTRAL PENNSYLVANIA 


Hamilton fossils from the Mahantango formation—Continued 


Distriputiont 
NAME 
Skaneateles | Ludlowville | Moscow 
C. prolifica Hall p c v.r. 
C. sappho Hall vr 
Ttorhynchus limitare (Vanuxem) 
L. laura (Billings) v.r. 
L. mesacostale Hall v.r 
L. multicostum Hall 
Eunella lincklaeni Hall v.r, 
Tropidoleptus carinatus (Conrad) c a 
Atrypa reticularis (Linné) 
Newberria sp. nov. v.r v.r. 
Cyrtina hamiltonensis Hall v.r. r r 
Spirifer mucronatus (Conrad) c a c 
S. granulosus (Conrad) c a p 
S. acuminatus (Conrad) r vr 
S. tullius Hall r r 
S. angustus Hall 
S. sculptilis Hall a vr. 
Adolfia audacula (Conrad) a a* p* 
Elytha fimbriata (Conrad) r 
Ambocoelia umbonata (Conrad) v.r 
A. praeumbona Hall vr r 
Nucleospira concinna Hall vr. 
Vitulina pustulosa Hall a a 
Athyris spiriferoides (Eaton) vr r r 
Meristella nasuta (Conrad) vr, 
Prothyris lanceolata Hall v.r. 


+a = abundant, c = common, p = present, r = rare, v.r. = very rare. 
* Recurrent in sandstone facies. 
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Hamilton fossils from the Mahantango formation—C ontinued 


DistrisuTiont 
NAME 
Skaneateles | Ludlowville | Moscow 
Orthonota undulata Conrad c 
O. parvula Hall v.r. 
Grammysia arcuata (Conrad) v.r. 
G. circularis Hall v.r, 
Tellinopsis subemarginata (Conrad) r 
Nucula corbuliformis Hall c 
N. bellistriata (Conrad) VE a v.r 
N. lirata (Conrad) vr 
N. varicosa Hall r 
N. randalli Hall Tr 
Nuculites oblongatus Conrad p 
N. cuneiformis Conrad vr 
N. triqueter Conrad c r 
Palaeoneilo plana Hall v.r. r 
P. emarginata (Conrad) Pp vr 
P. tenuistriata Hall vr 
Leda diversa Hall r v.r. 
L. rostellata (Conrad) vr 
Pterinea flabellum (Conrad) vr. 
Leptodesma rogersi Hall v.r. 
Actinopteria boydi (Conrad) v.r. 
Nyassa cf. recta Hall vr. 
Aviculopecten princeps (Conrad) r 
A. exactus Hall v.r. 
A. faciculatus Hall vr 
Lyriopecten interradiatus (?) Hall v.r. 
Modiomorpha concentrica (Conrad) 


ta = abundant, c = common, p = present, r = rare, v.r. = very rare. 
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Hamilton fossils from the Mahantango formatton—Continued 


DistrisuTiont 
NaME 
Skaneateles | Ludlowville | Moscow 
M. subalata (Conrad) v.r. 
M. mytiloides (Conrad) vr. v.r. 
Goniophora hamiltonensis Hall v.r. 
Cypricardella bellistriata (Conrad) p v.r. 
Cypricardinia indenta (Conrad) r 
Paracyclas lirata (Conrad) v.r r 
Pleurotomaria sulcomarginata Conrad a o* ve.” 
P. capillaria Conrad 
Bellerophon leda Hall c 
B. patulus Hall p 
B. crenistria Hall 
Cyrtolites mitella Hall p 
Macrochilus hamiltoniae Hall vr 
Lozxonema hamiltoniae Hall c 
Platyceras erectum Hall ver. r 
Platyostoma euomphaloides Conrad vr 
Styliolina fissurella (Hall) v.r. 
Tentaculites bellulus Hall c a Pp 
Coleolus tenuicinctus Hall p 
Orthoceras subulatum Hall vr. 
O. constrictum Vanuxem v.r. r 
O. telamon Hall v.r. 
Gomphoceras pingue Hall v.r. 
Bactrites aciculatus (Hall) v.r v.r 
Agoniatites erpansus (Vanuxem) r 


ta = abundant, c = common, p = present, r = rare, v.r. = very rare. 


* Recurrent in sandstone facies. 
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Hamilton fossils from the Mahantango formation—Continued 


DistriBuTIONt 
NaME 
Skaneateles | Ludlowville | Moscow 
Homalonotus dekayi (Green) r v.r. 
Phacops rana (Green) c r 
Dalmanites (Cryphaeus) boothi (Green) v.r. c r 
Ostracoda, undet. r 
Echinocaris punctata (Hall) wire 
E. sp. nov. 5 
Tropidocaris sp. nov. vr. 
Phyllocarida, undet. v.r. p 
Ostracoderm plates, undet. v.r. v.r. 
Taonurus sp. a p 
Plantae (land plants) by c v.r. 
Fucoids v.r. v.r. 


ta = abundant, c = common, p = present, r = rare, v.r. = very rare. 


The Skaneateles faunal facies may be recognized commonly by the 
association in the lower Mahantango of many examples of Adolfia 
audacula and Pleurotomaria sulcomarginata, often in whole beds to 
the exclusion of most other forms. Spirifer granulosus is commonly 
present, as is, also, T'ropidoleptus carinatus. The Adolfia and the 
Pleurotomaria tend to recur at higher levels, where considerable thick- 
nesses of sandstone are developed. Perhaps the Skaneateles fauna 
can best be defined negatively by saying it is deficient in pelecypods, 
most gastropods, and arthropods, and is, thereby, set off from the over- 
lying Ludlowville facies. Where the Montebello sandstone is present, 
its base is commonly coincident with the earliest Skaneateles fossils. 

The lower third of the Mahantango formation in the easternmost 
sections approximates the lithology of the Skaneateles of eastern Penn- 
sylvania in that it is dark gray, brown-weathering, sandy shale, but 
it is practically barren. Where recognized throughout Northumber- 
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land, Perry, Dauphin, Snyder, and Juniata counties, the beds which 
carry the Skaneateles fauna occupy, roughly, the lower third of the 
Mahantango formation, which in this region is dominated by the Mon- 
tebello sandstone phase, as shown in Plate 19. In Huntingdon County 
the Skaneateles faunal facies appears in dark shale or gnarly sand- 
stone. It has not been found in northern Fulton County, either because 
the beds which should carry it are concealed, or because, in the region 
of Knobsville and Hustontown (section 5), nonmarine beds constitute 
practically the entire Mahantango. It is found in doubtfully sepa- 
rable beds in southern Fulton County, where the lithology varies from 
gnarly sandstone to dark shale, although sandy beds are perhaps a 
trifle more common than in higher parts of the sections. 

The middle portion of the Mahantango formation contains fossils 
assignable to the Ludlowville faunal facies. Usually, the beds which 
carry these organisms are a little less sandy than those which are 
of Skaneateles age, except in those sections where the Montebello 
sandstone phase of the Mahantango dominates. In most of the sec- 
tions the Ludlowville fossils are found in alternating, finely sandy 
shale and gray sandstones, which may become so flaggy, or even 
submassive in a few instances, as to produce small ridges. These 
sandstones, particularly well developed in Fulton and Huntingdon 
counties, carry recurrent Skaneateles species mingled with the Lud- 
lowville organisms. Generally, the Ludlowville fossils range through 
between one-half and two-thirds of the entire Mahantango formation. 
In Perry and Dauphin counties the upper half of the Montebello sand- 
stone phase is Ludlowville in age, and distinctive faunal assemblages 
persist there just as Skaneateles faunules occur in the lower half. 

The Ludlowville facies is characterized by occasional bryozoan beds, 
abundance of Leptostrophia perplana, Schuchertella variabilis, and 
several species of Chonetes, Spirifer, and Camarotoechia. Large num- 
bers of pelecypods and gastropods, usually with a sprinkling of tri- 
lobites plus or minus other arthropods, are found. Taonurus sp. is 
universally present. Vitulina pustulosa is quite common, as is, also, 
Rhipidomella leucosia. Tropidoleptus carinatus (large and small va- 
rieties), a large variety of Chonetes coronatus, and Spirifer sculptilis 
occur and recur in zones throughout the succession. Except for Lio- 
rhynchus limitare, most common in the Marcellus and rare in the 
Ludlowville, all species of this genus so far found have been associated 
with Ludlowville faunules. Briefly, the presence of beds of bryozoa, 
many examples of Leptostrophia, Chonetes, Camarotoechia, Spirifer, 
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and abundant pelecypods and gastropods may be taken to indicate 
Ludlowville age. 

Beds of Moscow age have been recognized near the tops of several 
sections, but at most they are probably seldom more than 50 to 75 
feet thick, and their lithology is like the underlying Ludlowville strata. 
Vitulina pustulosa is abundant in the Ludlowville faunas, where it 
may constitute a fairly definite zone. It recurs near the top of the 
Mahantango formation. Where it and associated fossils are found 
above the Ludlowville facies, it is assumed that the beds are of 
Moscow age. In addition to Vitulina, these strata carry much the 
same assemblage as the Ludlowville, but with an important distinc- 
tion. Where the Ludlowville is characterized by the presence or 
abundance of certain genera, as Chonetes (several species) , pelecypods, 
gastropods, arthropods, and others, the Moscow faunules carry only a 
few of each of these. For example, the number of pelecypods from the 
Ludlowville faunules is seven times as great as from the Moscow, and 
gastropods are twelve times as plentiful. Plewrotomaria sulcomargi- 
nata and Adolfia audacula are found rarely in the Moscow portion of 
the Mahantango formation, probably only as sandstone facies recur- 
rents. 

As with the Skaneateles and the Ludlowville, the Moscow facies 
becomes more obscure in the southwestern sections. It is best devel- 
oped east of the Juniata River, is eroded across most of Juniata and 
Huntingdon counties, and re-appears in Fulton County, but there is 
so mingled with the Ludlowville that it is next to impossible to sepa- 
rate the two facies with any degree of certainty. In Plate 19 their 
boundary has been drawn as indicating a considerable increase in thick- 
ness of the Moscow southwestward. This is based upon apparent 
descent in that direction of the higher occurrences of Vitulina. Actu- 
ally, this thickening may be superficial, because of the appearance 
toward the top of the section of more or less local sandstones carrying 
recurrent Skaneateles fossils. 

In the region of the confluence of the Susquehanna and the Juniata 
rivers the Mahantango formation is dominated by a massive, coarse 
sandstone, of the order of 1,000 feet thick. This, Claypole*® called 
the Montebello sandstone. It is the only important exception to 
Mahantango lithology, east of Huntingdon County, and must be 
looked upon as a phase of sedimentation, not as a separate forma- 
tion or as a chronologic division, for it intergrades with the shaly 


19E, W. Claypole: A preliminary report on the palaeontology of Perry County, Pa. Second 


Geol. Surv., vol. F2 (1885). 
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Mahantango beds, and, in its maximum development, is chronolog- 
ically equal to practically all of Skaneateles and Ludlowville times. 
As previously noted, the base of the Mahantango coincides with the 
advent of the earliest Skaneateles fossils. Its top may range from 
early Skaneateles to late Ludlowville in age, depending upon its 
thickness. In other words, the base is synchronous throughout, but 
the top is heterochronous. In this, it differs from the sandstones 
in the Marcellus, which are more truly distinct members of a single 
formation than exceptional sedimentary phases equivalent to at least 
two formations. The Montebello is thickest across central Dauphin 
County in Little Mountain, a more or less well-defined ridge, north 
of Blue Mountain. From here it thins northward, northeastward, 
and northwestward (Fig. 3). The thinning is from the top down, 
the oldest beds extending the farthest. It must originally have 
reached farther south, although no trace remains. It disappears 25 
to 30 miles east of the Susquehanna River, in northwestern Lebanon 
County. Its northern limit lies 30 miles north of Susquehanna Gap. 
Westward the basal beds maintain their identity into western Juniata 
County, a distance of nearly 50 miles. The sandstone is a prominent 
ridge-maker in eastern Perry, northern Dauphin, and southern Nor- 
thumberland counties, but northward and westward this quality be- 
comes negligible. Claypole ®° believed it extended into Huntingdon 
County, but this is incorrect (Pl. 19). He also erred in supposing 
that the Montebello sandstone formed Turkey Ridge, for he failed to 
differentiate it from the Turkey Ridge sandstone in the Marcellus 
which, as already shown, is responsible for this feature. In this and 
adjacent areas, however, the lithology of the Montebello and the 
Turkey Ridge sandstones is so similar that only careful stratigraphic 
studies or paleontological data can separate them. In fairly complete 
sections it is possible to recognize the intervening Mexico sandstone 
and the Mahanoy black shale members of the Marcellus. Fossils 
in the lower part of the Montebello, often rare, practically always 
include the distinctive Adolfia audacula, whereas the Turkey Ridge 
sandstone everywhere appears to be barren. Even with these data, 
in sections with considerable structural complexity such as that on 
Delaware Creek, the separation of these sandstones is difficult. 

In northern Fulton County are 800 to 1,000 feet of fresh-water beds 
of Hamilton (Mahantango) age, to which the name, Knobsville con- 
tinental phase, may be applied. These are well developed between 
Knobsville and Hustontown and northward toward Fort Littleton, 
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where they may be observed in highway cuts. Here, the Marcellus 
black shale passes upward into what are probably a few feet of 
normal, though barren, Mahantango shaly beds, which are succeeded 
by barren red or green beds. These continue upward into post- 
Hamilton members with no trace of Genesee, although later Portage 
and Chemung fossils appear in higher zones near Hustontown or in 
southeastern Huntingdon County. Probable Hamilton marine fossils, 
too poorly preserved for determination, are found in interbeds above 
the lowest red members in the region of Fort Littleton. The Knobs- 
ville phase transcends the upper limit of the Hamilton. The occur- 
rence of Hamilton red beds in eastern New York * and northern New 
Jersey ** is well established. In south-central Pennsylvania, the Knobs- 
ville continental phase of Hamilton sedimentation heralds the begin- 
ning of a great delta lobe which in Chemung time occupied this region.”* 
During Middle Devonian time, the extent of the red beds seems to 
have been limited (Fig. 3), as they are confined to northern Fulton 
County, although it is impossible to say to what extent they may 
have transgressed eastward from this locality. That the final estab- 
lishment of continental conditions did not actually come until con- 
siderably later is inferred from the incursions of Upper Devonian 
organisms higher in the column. 


STRATIGRAPHIC HISTORY 


Origin of the sandstones.—Little further attention need be paid the 
black shale members of the Marcellus, the Mahanoy, and the Sha- 
mokin, or the normal, shalier portion of the Mahantango formation. 
The origin of these deposits is presumably the same as that ascribed 
to similar types and contemporaneous members elsewhere. Attention 
must be concentrated upon the abnormal sandstones, the Turkey Ridge, 
the Mexico, and the Montebello, and the Knobsville continental phase. 

The sandstones have been shown to have considerable variation in 
thickness. The Turkey Ridge, the Mexico, and the Montebello thin 
away from the same central region, a condition shown in Figures 2 
and 3. In section 5 the Knobsville continental phase usurps most of 
the Mahantango. Clearly, the Hamilton group of central Pennsyl- 
vania shows irregularities in type and rate of sedimentation over short 


1G. A. Cooper: Stratigraphy of the Hamilton group of eastern New York, Part I, Am. Jour. 
Sci., 5th ser., vol. 26 (1933) p. 537-551; Part II, op. cit., vol. 27 (1934) p. 1-12, 

#2 Bradford Willard and A. B. Cleaves: Hamilton group of eastern Pennsylvania, Geol. Soc. 
Am., Bull., vol. 44 (1933) p. 757-782; Bradford Willard: ‘Catskill’? sedimentation in Pennsyl- 
vania, Geol. Soc. Am., Bull., vol. 44 (1933) p. 495-516. 

2 Bradford Willard: Early Chemung shore line in Pennsylvania, Geol. Soc. Am., Bull., vol. 45 
(1934) p. 897-908. 
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distances. Such variations are practically unknown in eastern Penn- 
sylvania. In explanation, it is assumed that these abnormalities may 
be attributed to deposition so near the coast that sedimentation was 
strongly influenced by terrestrial conditions. Local changes from 
coarse to fine, marine to continental, might occur, especially off the 
mouths of rivers or at other points, if one assumes the region to have 
been unstable. The Hamilton shore line passed in an irregular are 
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Ficure 2.—Distribution of the combined Turkey Ridge and Mexico sandstone members of the 
Marcellus formation 


from central Lebanon County, on the east, across Dauphin, Cumber- 
land, and southeastern Franklin counties, into Maryland. East of 
Lebanon County the coast curved to the southeast in a broad embay- 
ment, marked by the regularity of Hamilton sedimentation in eastern 
Pennsylvania, uninfluenced by coastal conditions because of greater 
remoteness of the land. At two points along the shore west of Lebanon 
County, delta sediments were built out into the sea. The largest of 
these centers was in northern Dauphin County, where the Marcellus 
and the Montebello sandstones accumulated; the other occupied north- 
eastern Fulton County as the Knobsville continental beds formed. 
In describing the early Chemung shore line of Pennsylvania the author 
has pointed out that at that later date, delta lobes occupied nearly 
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these same positions but commenced to form in early or middle Devo- 
nian time.** Here, then, are the forerunners of the Chemung delta 
lobes. 

Because the sandstones of the Marcellus, the Turkey Ridge and 
the Mexico members, have nearly coincidental areal distribution and 
thin away from the same center, their origin appears to have been the 
same, and they may be treated as a unit. The thickest average portion 
occurs in the region where Juniata, Snyder, Northumberland, Dauphin, 
and Perry counties converge. Thence, they thin away rapidly to the 
north, less rapidly to the northeast, and extend farthest into western 
Juniata County. The exceptional thickness in the McCoysville section 
is accounted for by its being nearer shore than those immediately 
adjacent. Judging from the areal distribution and the direction of 
thinning, one may assume that the source of these sands lay somewhere 
in the region of central or northern Dauphin County. This observation 
is substantiated by the fact that there is a gradual, though not a marked, 
decrease in coarseness of texture from the thicker portions toward the 
thinner. The geological maps of Perry *° and of Dauphin and Schuylkill 
counties 7° and the recent State Map ?’ show that the Lower Devonian 
is absent across Dauphin County north of Blue Mountain, but is present 
east and west thereof. The author has checked this and finds it to be 
true, not only as mapped for the Oriskany and the Helderberg, but for 
the Onondaga and the lower Marcellus, as well. The only Marcellus 
present, a black shale, 50 to 75 feet thick, is the upper member, or 
Mahanoy, lying directly beneath beds of Skaneateles age ** and over- 
lying the Silurian red shales, although the lower contact is not exposed. 
It has been suggested that the older Devonian beds have been faulted 
out.2® Such may be partly true, especially in eastern Perry County, 
but this is not the entire story. It is now postulated that the pre- 
Marcellus Devonian once extended all across, and was later eroded 
from, central Dauphin County. That these early Devonian formations 
once crossed the gap is assumed from their full development in Perry 
County, to the west, and Schuylkill County, to the east. The succeés- 
sion of events may be now deduced. 


% Ibid. 

%E. W. Claypole: A preliminary report on the paleontology of Perry County, Pa. Second 
Geol. Surv., vol. F2 (1885). 

% Pennsylvania Second Geological Survey: Geologic maps of Dauphin and Schuylkill counties 
(1891). 

27 Pennsylvania Topographic and Geologic Survey: Geologic map of Pennsylvania (1981). 

28 Bradford Willard and A. B. Cleaves: Hamilton group of eastern Pennsylvania, Geol. Soe. 
Am., Bull., vol. 44 (1933) p. 757-782. 

2 Bradford Willard: Oriskany at Susquehanna Gap, Pennsylvania, Geol. Soc. Am., Bull., vol. 
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Near the close of Onondaga time, marine deposition ceased in the 
region of central Dauphin County. This may be attributed to a gentle, 
local movement, which elevated the region to the south, and extended 
in lessening degrees northward, well into the Susquehanna-Juniata val- 
leys area. The thin sandstone on top of the Onondaga possibly indi- 
cates a short interval of subaerial exposure. Resubmergence north- 
ward allowed the sea to return and lay down the lower Marcellus black 
shale (Shamokin member), but this probably never extended into cen- 
tral Dauphin County, as no trace of it is there known. Rather, erosion 
set in to the south, so that by middle Marcellus time, coarse sediments 
spread northward as the massive Turkey Ridge sandstone of true delta 
origin. The similarity between the Turkey Ridge and the Oriskany 
has been noted. The latter evidently was the source rock for much, 
or all, of the former. The Turkey Ridge is merely reworked Oriskany. 
The chief differences between the two lie in the finer texture, better 
sorting, firmer cementation, and total barrenness of the Turkey Ridge. 
The Helderberg and the Onondaga, being calcareous, left no reworked 
residue. Whether or not the Silurian formations contributed much 
clastic debris to the Turkey Ridge, there is no means of knowing, for 
one cannot tell how far south the Lower Devonian beds may have 
protected the Silurian. If the delta was produced by a river of any 
appreciable size, that stream most certainly flowed over older rocks 
to the south, unless one assumes a decided uplift near the coast, for 
which no structural evidence has been obtained. Reduction of relief 
must have been rapid, for the coarse Turkey Ridge sandstone soon gave 
place to the finer, thinner-bedded Mexico sandstone, which, in turn, 
passed over into the Marcellus upper black shale. This last transgressed 
landward into central Dauphin County, where it is the only Marcellus 
found. Its southward migration implies a slight settling of the area. 
These conditions account, in part, for the exceptional westward thin- 
ning of the Marcellus of eastern Pennsylvania, observed by Willard 
and Cleaves,*° for neither the Turkey Ridge nor the Mexico members 
ever reached so far south as central Dauphin County, where no trace 
of them is known between the Marcellus black shale and the Silurian 
red beds. 

The Montebello sandstone phase of the Mahantango formation 
spread over the upper Marcellus black shale. From its distribution 
and character it implies a more or less close repetition of those con- 
ditions which produced the Marcellus sandstones (Figs. 2 and 3). It 
thins more abruptly northward and eastward than westward, and its 


'% Bradford Willard and A. B. Cleaves: Hamilton group of eastern Pennsylvania, Geol. Soc. 
Am., Bull., vol. 44 (1933) p. 757-782. 
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texture grows finer away from the source. Simultaneously, there is 
a change in bedding, from massive to flaggy. There is no evidence 
of an unconformity at the base of the sandstone, where it rests upon 
the upper Marcellus black shale in Dauphin, Lebanon, or eastern Perry 
counties; rather, there is a short transition. Presumably, uplift was 
slowly renewed or the delta-forming river was rejuvenated after the 
extensive transgression of the Mahanoy black shale. A heavy local 
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Ficure 3.—Distribution of the Montebello sandstone phase of the Mahantango formation 


sandstone, the Rockville, has been described from the basal part of 
the southernmost Montebello,** but the remaining lower third of the 
sandstone in Dauphin County contains considerable dark shale and 
rather fine sandstone, whereas beds of the same age in northeastern 
Perry County are nearly all coarse. 

During the Sixteenth International Geological Congress the writer 
had the privilege of conducting that part of Excursion B-1 which 
visited the Susquehanna Valley above Harrisburg.*? Professor Armand 
Renier, of Belgium, was in the party when it visited the extensive 
exposure of the Montebello sandstone at Rockville in west-central 


81 Tbid. 
82 G. W. Stose, A. I. Jonas, and G. H. Ashley: Southern Pennsylvania and Maryland, 16th Inter. 
Geol. Cong., Guidebook 10, Excursion B1 (1933). 
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Dauphin County. He pointed out to the author that the dark lower 
Montebello shales and sandstones contain many beds carrying the roots 
of land plants in situ. These dominate, but they alternate with occa- 
sional marine beds containing sparse Skaneateles faunules. This rela- 
tion was not recognized by Willard and Cleaves ** who merely noted 
the abundance of vegetable remains,** assuming them to be carbon- 
ized fragments of land plants, swept seaward and deposited in a marine 
environment, although some were observed to cross the bedding sur- 
faces. 

The upper half of the Rockville section is of Ludlowville age, with 
typical marine fossils; no land plants are in place. It is nearly all 
coarse sandstone with occasional conglomerates, one with two-inch, 
white quartz pebbles. Presumably, the dark, shaly lower part of the 
Montebello sandstone represents estuarine conditions in which fresh 
water and marine sediments alternately accumulated, the former dom- 
inant at first, gradually yielding to the latter with completely marine 
sedimentation in Ludlowville time.*® As a corollary to this condition, 
the lower beds of the Montebello, which spread farthest from the source 
of supply, are composed of comparatively coarse sandstone and are all 
marine. This is attributed to the sorting action of waves and currents 
offshore in shallow water while the alternating, shalier, marine and 
fresh-water beds near shore were simultaneously protected from such 
reworking through deposition in a more sheltered environment. Even 
if near-shore sorting action was in progress, it is presumable that too 
much mud was carried in for complete removal. The restricted dis- 
tribution of the younger portion of the Montebello probably indicates 
a fairly abrupt reduction in the relief or area of the region whence 
the coarser clastics were derived. 

It is observed that the Marcellus and the Montebello sandstones 
are spread more west than east of the locus of origin. A similar dis- 
tortion has been observed for the delta lobes of early Chemung age in 


33 Bradford Willard and A. B. Cleaves: Hamilton group of eastern Pennsylvania, Geol. Soc. 
Am., Bull., vol. 44 (1933) p. 757-782. 

* Bradford Willard: Devonian faunas in Pennsylvania, Pa. Topog. and Geol. Surv., Bull. G4 
(1932) p. 7. 

*® The fact that these two types of sediment, with their respective fossils, intergrade with 
little or no lithologic differences and with identical colors (dark-gray, brown-weathering sand- 
stones and dark shales), appears to show no important difference as to colors indicating con- 
ditions of origin of sediments. The writer is convinced that the Devonian of Pennsylvania, 
at least, contains some red beds which cannot be assumed upon color alone to be of con- 
tinental origin—paleontological criteria must be applied which demonstrate many of them to 
be marine strata. The converse is equally true in assuming non-red strata to be all marine. 
Not only the Hamilton beds, here described, but a number of instances are known of Portage 
beds which are demonstrably continental in original though anything but red in color. 
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Pennsylvania.** It is attributed to the action of marine currents, pro- 
duced by a clockwise rotation of the Devonian epeiric sea waters, 
flowing southwestward along the shore. 

In northeastern Fulton County the Knobsville continental phase of 
the Mahantango formation is composed of red or green beds, devoid 
of marine organisms except for a few, badly preserved specimens of 
doubtful identity found toward the margins of the deposit. These 
beds grade laterally into the marine Mahantango shales and sand- 
stones. They thicken eastward until lost through erosion toward the 
Franklin County line. They have already been discussed. It is enough 
to remark that they represent a rather small delta which began in 
early, and continued beyond, Mahantango time.** The contemporaneity 
of the Montebello and the Knobsville beds, in part at least, may express 
simultaneous movement over a considerable area in south-central 


Pennsylvania. 


Correlations between central and eastern Pennsylvania.—Much more 
might be said of the finer points concerning the Hamilton group in 
central Pennsylvania, particularly the distribution of its fossils. How- 
ever, the general results are the same without further details. If this 
part of the Hamilton is compared with that of eastern Pennsylvania, 
one finds that they tie in rather well together, although at first sight 
such might not appear true. The upper and the lower limits are fairly 
clear in the eastern sections, but are better defined in the central area. 
Conversely, the four formations are better distinguished in the east than 
in the central parts of the State. Everywhere the Marcellus is recog- 
nized faunally and lithologically. Although lithologic distinctions are 
lacking for the other three formations in central Pennsylvania, so that 
they are combined under the heading, Manhantango formation, faunas 
’ characteristic of the Skaneateles, the Ludlowville, and the Moscow 
have been discovered and correlated over the whole region. 

Tracing through from the eastern to the central regions is possible 
only by way of the Susquehanna Valley. Here, unfortunately, the 
Marcellus, as already noted, is largely missing, and the Mahantango is 
represented chiefly by the Montebello sandstone. In the interpretation 
of the Rockville section, Willard and Cleaves ** erred somewhat, and 
their mistakes can now be rectified in the light of what has been found 
in the Susquehanna-Juniata valleys to the north. They mistook a 


® Bradford Willard: Early Chemung shore line in Pennsylvania, Geol. Soc. Am., Bull., vol. 45 
(1934) p. 897-908. 
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Am., Bull., vol. 44 (1983) p. 757-782. 
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Vitulina zone of the Ludlowville for that of the Moscow, and so threw 
the base of the latter somewhat too low in Perry and Dauphin coun- 
ties, where it is actually near the top of the Hamilton. Likewise, a 
recheck of the faunas from the Rockville section shows that the Vitu- 
lina zone there, which they supposed represented that which divides 
the Berwyn and the Delphi members of the Skaneateles, actually is 
in the Ludlowville. The result of these corrections reduces the thick- 
ness of the Moscow considerably, and at the same time increases the 
amount of the section assignable to the Ludlowville, so that their rela- 
tive proportions agree with those probably existing in central Penn- 
sylvania. A revision of the faunules in the Rockville section has been 
made, and is given below. This relisting is important, not merely for 
purposes of correlating eastern and central Pennsylvania sections, for 
which it is the connecting link, but because it demonstrates clearly 
how the Ludlowville and the Skaneateles faunas extend into the Monte- 
bello sandstone, and maintain their characteristics in spite of the ex- 
ceptional environment. Incidentally, because of this environment, 
some of the fossils listed as Ludlowville are, no doubt, recurrents from 
the Skaneateles. 


Revised list of faunules for the Rockville section 


Moscow Not exposed at Rockville. Across the river it carries a distinctive 
faunule including Ambocoelia umbonata and Vitulina pustulosa. 


LUDLOWVILLE 
Corals, undet. S. angustus Hall 

S. ef. angustus Hall 
Crinoidea, columnals S. sculptilis Hall 

Adolfia audacula (Conrad) 
Hederella sp. Vitulina pustulosa Hall 
Fenestella sp. Athyris spiriferoides (Eaton) 
Bryozoa, undet. 


Nuculites oblongatus Conrad 
Leptostrophia perplana (Conrad) N. sp 


Stropheodonta inequistriata (Conrad) 
Schuchertella variabilis Prosser 
Chonetes mucronatus Hall 

C. coronatus (Conrad) 

Productella spinulicosta Hall 
Rhipidomella leucosia Hall 
Camarotoechia congregata (Conrad) 
C. prolifica Hall 

C. ef. prolifica Hall 

Tropidoleptus carinatus (Conrad) 
Atrypa reticularis (Linné) 
Newberria sp. nov. 

Spirifer mucronatus (Conrad) 

S. granulosus (Conrad) 


Pterinea flabellum (Conrad) 
Aviculopecten cf. princeps (Conrad) 
A. faciculatus Hall 


Pleurotomaria sulcomarginata Conrad 
Gastropod, indet. 


Trilobite, undet. 
Elymocaris sp. nov. 


Taonurus sp. 
Plant fragments 


pe 
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SKANEATELES (including the basal Rockville faunule) 


Zaphrentis prolifica (?) Billings Atrypa reticularis (Linné) 
Spirifer granulosus (Conrad) 
Crinoidea, columnals Adolfia audacula (Conrad) 
Bryozoa, undet. Paracyclas lirata (Conrad) 
Chonetes coronatus (Conrad) Bellerophon sp. 
Rhipidomella vanuxemi Hall Tentaculites bellulus Hall 
R. sp. 
Camarotoechia prolifica Hall Orthoceras sp. 
Tropidoleptus carinatus (Conrad) Bactrites aciculus Hall 
Plantae 
CONCLUSIONS 


In conclusion, one finds that the Hamilton group of central Pennsyl- 
vania contains the same faunal elements which it does in the eastern 
part of the State, and which, in turn, are closely correlated with those 
of New York, but the lithologic division into formations is no longer 
possible. The faunas themselves grow less distinct southwestward 
toward the Maryland line, where much of their identity is lost through 
mingling of previously separate elements. This is unfortunate for it 
was hoped that that particular part of the region would furnish data 
for dividing the Maryland Survey’s “Romney formation” into com- 
ponent parts, and thereby providing a tie between it and the types in 
New York.**® Further studies may yet solve the problem. 

The Hamilton group is extensively exposed along the base of the 
Allegheny Front, from Lycoming County southwestward by way of 
Bedford County into Maryland (Fig. 1). Few details have been pub- 
lished regarding the Middle Devonian stratigraphy of this part of 
the State. Distance from shore line may be the decisive factor by 
which it will be possible to trace the formations through this terri- 
tory, without obliteration of boundary lines through influx of abnormal 
sediments or by faunal mixing and confusion. By the close of another 
field season it is expected that sufficient data will have been acquired 
so that this region may be added to those already studied, in an 
interpretation of the Hamilton group over its entire exposure in 
Pennsylvania. 


%G. A. Cooper: Stratigraphy of the Hamilton group of New York, Part I, Am. Jour. Sci., 
5th ser., vol. 19 (1930) p. 116-134; Part II, op. cit., p. 214-236. 
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SHERMAN FALL 


Metabentonite beds in Sherman Fall limestone, Trenton Falls gorge of West Canada Creek, 
New York. 
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INTRODUCTION 


It is the purpose in this paper to discuss the stratigraphic distribution 
of altered volcanic materials and related clays, and the correlation of 
the formations that include them. The correlations are based on the 
comparison of collected and listed faunules from the strata, and an 
analysis of the published correlations of other geologists. More pre- 


* Manuscript received by the Secretary of the Geological Society, September 24, 1934. 
( 225 ) 
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cise correlation of the formations may develop as detailed stratigraphic 
work on the clay beds progresses. 

The mineralogic study of the specimens by P. F. Kerr has not been 
completed. Thin sections reveal volcanic structures in some of the 
specimens. X-ray diffraction studies and chemical analyses show 
the clays to differ from bentonite, with which they have frequently 
been identified, but to be closely similar to one another if not identical. 
The clays are composed of a clay mineral constituent not identified as 
a described mineral, and differing from montmorillonite and beidellite, 
the constituents of normal bentonite. 

Thus, all the clays studied are similar, chemically and physically, 
to clays of known volcanic origin. The stratigraphic distribution sup- 
ports the inference that all are of volcanic origin. But because this has 
not been conclusively demonstrated, the clays may best be described 
as “altered volcanic materials and related clays.” 

The term, meta-bentonite, was suggested by Ross? for these clays 
which were thought at the time to be altered bentonites. The slaty 
cleavage that is characteristic of metabentonite is illustrated in Plate 21, 
figure 1; other beds may have a somewhat micaceous structure, or be 
quite massive. Metabentonite is the most convenient simple term with 
which to refer to them, and will be used in this paper, although it is ap- 
preciated that the term carries an erroneous inference. 

In addition to his indebtedness to Dr. Kerr for his complementary 
studies of these clays, the writer appreciates the assistance given him 
in the studies of Appalachian sections by Charles Butts, and in the 
collection of material in centra! Pennsylvania by C. A. Bonine. The 
Appalachian field work was carried on in August and September, 1931; 
studies in other areas have progressed for several years. 


STANDARD CLASSIFICATION OF MOHAWKIAN SERIES 


It is necessary that one compare the ages of the formations contain- 
ing altered volcanic materials with the standard section in order that 
there be an understanding of the time distribution of metabentonites. 
Practically all the beds are of Mohawkian age, and no effort will be 
made to discuss the correlation of the few formations containing 
Chazyan beds. The proposed correlations are based on the comparison 
of described and collected faunas with those in other regions, and on 
the analysis of correlations suggested by other geologists. 


1C. S. Ross and P. F. Kerr: The clay minerals and their identity, Jour. Sed. Petrol., vol. 1 
(1931) p. 59. 

2C. S. Ross: Altered Paleozoic volcanic materials and their recognition, Am. Assoc. Petr. Geol., 
Bull., vol. 12 (1928) p. 164. 
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Ficure 1.—Columnar section of Mohawkian series in Jefferson County, northwestern New York 
Clay beds in this, and succeeding, sections are indicated by a vertical lined symbol, the thickness 
being at the left of the bed. 
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BLACK RIVER GROUP 

The type section of the Black River group has been classified as 
composed of the Lowville and the Chaumont formations.* The Pame- 
lia formation, commonly classified as Chazyan, may belong in the 


3G. Marshall Kay: Stratigraphy of the Decorah formation, Jour. Geol., vol. 37 (1929) p. 664; 
Stratigraphy of the Ordovician H field metabentonite, Jour. Geol., vol. 39 (1931) p. 362. 
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Black River group below the Lowvillet The formations have been 
adequately described at their type sections, and their faunas have 
been listed. Their sequence in northwestern New York is illustrated 
in the columnar section, Figure 1. 


TRENTON GROUP 


The type sections of the formations of the Trenton group are, with 
the exception of the Sherman Fall formations, in Canada. The writer 
has traced the formations into northwestern New York, and has de- 
scribed the stratigraphy of the Rockland and Upper Cobourg forma- 
tions in that region.> The pertinent faunal facts in regard to the Tren- 
ton formations in New York will be described, for they have not been 
adequately defined. No attempt will be made to explain their re- 
gional stratigraphy. 

The Rockland formation is separable into a lower member, in which 
Doleroides gibbosus (Billings) is characteristic, and an upper having 
an abundance of specimens of T'riplecia cuspidata (Hall) at its top. 
The maximum observed thickness of the formation is 64 feet at Dexter, 
New York; the lower member is 24 feet thick at Lonsdale, Ontario, 
and there lies disconformably below the upper member. 

The Hull formation succeeds the Triplecia zone at the top of the 
Rockland, and underlies the beds in which Prasopora simulatrix orien- 
talis Ulrich becomes common, the base of the Sherman Fall. In north- 
western New York, Parastrophina hemiplicata (Hall) is usually abun- 
dant in the lower Hull and infrequent at other horizons; but similar 
specimens are abundant in the lower Sherman Fall in eastern New 
York and western Vermont, and in the Lower Cobourg in southern 
Ontario. Two of the most persistent and distinctive Hull fossils are 
Encrinurus cybeliformis Raymond and Hemiarges paulianus (Clarke). 
The formation is 97 feet thick at Lowville, and 100 feet at Deer River, 
New York. 

The Sherman Fall formation has its type locality at the Trenton 
Falls gorge, and was originally defined as “the ‘Prasopora beds’ or 
‘Trenton (restricted)’ of Raymond, Johnston and others,” * described 
in Ontario. Recent studies have shown that the base of the Trenton 
Falls section is about at the base of this Sherman Fall formation, and 
not farther up the section as was stated in earlier publications. In 
addition to the first abundance of Prasopora orientalis, the base of the 

“ Alice E. Wilson: Notes on the Pamelia member of the Black River formation of the Ottawa 
Valley, Am. Jour. Sci., 5th ser., vol. 24 (1932) p. 135-146. 
5G. Marshall Kay: Ordovician Trenton Group in northwestern New York: Stratigraphy of the 


Lower and Upper Limestone Formations, Am. Jour. Sci., 5th ser., vol. 26 (1933) p. 1-16. 
®G. Marshall Kay: Stratigraphy of the Decorah formation, Jour. Geol., vol. 37 (1929) p. 664. 
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Ficure 1. Tetrrapium Beps OF CHAMBERSBURG FORMATION 
Section along Tumbling Run, two miles southwest of Strasburg, Virginia. The three-foot ledge 
in the upper right has its base at thirty feet. The white marks are on metabentonite beds. 


Ficure 2. Upper CHAMBERSBURG AND LOWER MARTINSBURG BEDS 
Along Highway 11, south of Tumbling Run, Virginia. 


METABENTONITE IN THE CHAMBERSBURG FORMATION 
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formation is characterized by persistent, but thin, limestones having an 
abundance of Cryptolithus tesselatus Green, usually accompanied by 
Trematis terminalis (Emmons), and found within twenty to fifty feet 
of the base. This Cryptolithus zone has been recognized in the lowest 
Sherman Fall in several sections in the Black River valley; the same 
zone succeeds Hull limestones along the Mohawk Valley and Lake 
Champlain, and in southern Ontario. 

The fauna of the Sherman Fall has been listed from the Trenton 
Falls section by a number of writers. The Triplecia extans beds? at 
Trenton Falls have been confused with the Rockland T. cuspidata 
zone, and are within the Sherman Fall formation. The top of the 
formation is not sharply defined from the overlying Lower Cobourg 
limestone, which in its upper part contains an abundance of Rafines- 
quina deltoidea (Conrad). The two formations have a total thickness 
of 301 feet at Lowville, and more than 270 feet at Trenton Falls, where 
the base is not exposed. Their contact along Mill Creek, Lowville, 
has been arbitrarily drawn above a thin bed containing Ischadites sp., 
200 feet above the base of the Sherman Fall formation. The same 
fossil has been found to occupy approximately the same horizon in a 
section a mile east of Ameliasburg, Ontario; but a more satisfactory 
datum may develop. The Sherman Fall is the youngest Trenton forma- 
tion with which volcanic clay-bearing formations have been correlated. 


STRATIGRAPHIC OCCURRENCE OF VOLCANIC MATERIALS 
STANDARD MOHAWKIAN SEQUENCE 


New York and Ontario—Metabentonites have been described as 
occurring in the Chaumont formation of the Black River group and in 
the base of the Trenton limestone at Middleville, New York. The 
Chaumont formation is composed of the Leray and the Watertown 
members in northwestern New York. In southeastern Ontario, the 
Glenburnie shale lies between the Leray and the Watertown, and a 
metabentonite persists near the base of this member (Fig. 2A). In the 
Lake Simcoe region, central Ontario, a bed that has been considered 
identical to this Glenburnie metabentonite is found 12 to 15 feet from 
the top of the Coboconk formation (Fig. 2B). 

It has been found that the Hounsfield metabentonite in the section 
at Dexter, designated as the type, is not Chaumont, but is three feet 
from the base of the lower, Doleroides [= “Pionodema”], member of 


7 Rudolf Ruedemann: Paleozoic stratigraphy of New York [Utica to Albany], XVI Int. Geol. 


Cong., Guidebook 4 (1932) p. 122. 
8G. Marshall Kay: Stratigraphy of the Ordovician Hounsfield metabentonite, Jour. Geol., vol. 39. 


(1931) p. 360-376. 
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the Rockland formation (Fig. 2C). This is the only section in which 
such a clay is known, and, it being the thickest section of an overlap- 
ping formation, there is probability that the bed does not have exten- 
sive occurrence along the outcrop in New York and Ontario. Thus, 
the significant post-Leray, pre-Watertown metabentonite was misiden- 
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Ficure 2.—Columnar sections of formations including volcanic clays in New York and Ontario 


tified with a distinct lowest Trenton bed that was designated the type 
Hounsfield. The Trenton metabentonite at Middleville is in strata of 
upper Hull age (Fig. 2D). 

Metabentonite has been collected at several localities in northwestern 
New York, from within the lower Sherman Fall formation. The most 
striking occurrence is that in the face of Sherman Fall, in the Trenton 
Falls gorge, where thin clays occur about 26 feet and 35 feet from 
lowest exposure in the section (PI. 20). It is believed that one of these, 
probably the lower, is the bed, 46 feet above the Hull along Rathbone 
Brook, near Newport, New York. The clay found at 40 feet in the 
Mill Creek, Lowville section, is at a similar horizon; a higher bed is 
well exposed at 92 feet in the Sherman Fall along this same stream. 
Thus, there are, in New York and Ontario, persistent beds of altered 
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volcanic ash in the middle Chaumont formation of the Black River 
group, and in the lower half of the Trenton Sherman Fall formation, 
where at least three distinct clays are found. There are single expo- 
sures of metabentonite at the base of the Rockland formation and in 
the middle of the Hull. 

Vermont—In the section well exposed from McBride’s Bay to Barnes 
Bay on the west shore of South 
Hero, Grand Isle County, Ver- SQUTH HERO, VT. 
mont, there is a half-inch meta- ‘ 
bentonite bed with limestones and Zz i 
shales, 11 feet above the base of a Sherman. « 
the Sherman Fall. Some of the 
accompanying shales may include 
volcanic material. The section is 
shown in Figure 3. 


THE APPALACHIAN VALLEY 


Hull 


Lenoir-Chambersburg-M artins- 
burg (Northern Virgina) sequence. 
—Metabentonites have been col- 
lected from a number of localities 
in northern Virginia. The strati- 
graphic sequence is best exposed > 
southwest of Strasburg, Shenan- 
doah County, Virginia, and is rep- ; 
resented in Figure 4. The beds 
from the Mosheim limestone, 
through the Lenoir limestone, and the most of the Chambersburg lime- 
stone are well exposed along the road paralleling Tumbling Run, west 
of United States Highway 11, about two miles southwest of Strasburg. 
Upper Chambersburg and lower Martinsburg beds are exposed along 
Highway 11 half a mile farther south; this part of the section has been 
discussed by Rosencrans.® 

A single bed of clay has been identified in the Lenoir limestone, of 
upper Chazyan age. The top of the Lenoir formation has been some- 
what arbitrarily drawn at the top of the chert-bearing dark gray 
limestones. The succeeding Mohawkian section contains faunas that 
differ from those of the standard section of the series in New York 
and Ontario. The Chambersburg formation has been divided into 
members bearing the names of genera of fossils characteristic of the 
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®R. R. Rosencrans: Bentonite in northern Virginia, Wash. Acad. Sci., vol. 23 (1933) p. 413-419. 
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zones. The lowest member in the 
Strasburg section is characterized by 
Tetradium cellulosum (Hall), a spe- 
cies characteristic of the Lowville 
formation of the Black River group 
in New York; the fauna of the mem- 
ber is in accordance with this corre- 
lation (Pl. 22, fig. 1). 

The succeeding member is charac- 
terized by Echinosphaerites ameri- 
canum Bassler, which is not known 
in the standard Mohawkian section. 
The species also occurs in higher 
members of the Chambersburg for- 
mation. Bassler’ believed this 
member to be “most closely allied 
to the upper Black River Decorah 
shale.” The fauna is somewhat sim- 
ilar to that of the Glenburnie mem- 
ber of the Chaumont formation of 
the Black River, with which the 
lower Decorah has been correlated; 
several of the species are common to 
higher members of the Chambers- 
burg that seem to be of Trenton age. 

These overlying members, charac- 
terized by Nidulites pyriformis Bass- 
ler and Christiania trentonensis Rue- 
demann, contain species found in the 
Quebec City formation at Quebec, 
and in the Rysedorph limestone con- 
glomerate near Albany, New York. 
From the character of the fauna asso- 
ciated with Christiania trentonensis 
in the Rysedorph, it is apparent that 
the members are of Trenton age; the 
Rysedorph associates seem to be of 
about Hull age. The Nidulites and 
Christiania beds seem about syn- 
chronous with the Rockland and the 


Ficure 4.—Columnar section of Ch 8 
burg and lower Martinsburg formations 
thwest of Strasburg, Virginia 


10 R, S. Bassler: Cambrian and Ordovician, Md. 
Geol. Surv. (1919) p. 139. 
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Hull. It would seem that deposition in this 
region was continuous from Black River into 
Trenton time, and that the faunas were pre- 
vented from mingling with those to the west 
by a low arch that persisted along the western 
margin of the geosyncline (Fig. 12). The 
upper Chambersburg and the lower Martins- 
burg beds are shown in Plate 22, figure 2. 
The base of the Martinsburg shale is the 
Sinuites zone, which is characterized by the 
first appearance and abundance of specimens 
of Cryptolithus tesselatus Green. In New 
York this species is abundant at the base of 
the Sherman Fall formation, from Trenton 
Falls to the Canadian border, and is not 
known below that formation. The beds suc- 
ceeding the Sinuites zone at Strasburg contain 
Corynoides calicularis Nicholson, typical of 
the lowest Canajoharie shale, the equivalent 
of lower Sherman Fall in the Mohawk Valley, 
New York. The first great intrusion of 
clastic sediments in New York is in the Sher- 
man Fall, just as it is in the lower Martins- 
burg shale in northern Virginia. Raymond ™ 
correlated the base of the Martinsburg in the 
similar section at Chambersburg, Maryland, 
with the Upper Cobourg formation of Ontario. 
The faunal evidence seems to indicate that 
the Chambersburg limestone, which contains 
metabentonite in its lower and upper parts, 
extends in age from the Black River Lowville 
to the Trenton Hull, and that the base of the 
Martinsburg is of Sherman Fall age. 
Lowville-Salona (Central Pennsylvania) 
sequence.—This sequence is exposed in an 
inlying area of Ordovician formations, ex- 
tending for a hundred miles in a southwest- 
northeast belt in central Pennsylvania. The 
stratigraphic section has been discussed by 


1 Percy Raymond: Correlation of the Ordovician strata of 
the Baltic Basin, Mus. Comp. Zool. Harvard, Bull., vol. 56 
(1916) p. 240. 
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Butts ** and Field,* and the metabentonite beds by Bonine and 
Honess ** and by Whitcomb * (Fig. 5). 

Butts correlated the Carlim formation with the Stones River group 
of the Chazyan, the Lemont member with the Lenoir. The Lowville 
is presumably identical to the type of the formation in New York; 
the Center Hall member at the top has been correlated with the 
Leray ‘* member of the Chaumont. Raymond correlated the Rodman 
formation with “the lower part of the Trenton of New York” and classi- 
fied it as Rockland. Field studied the fauna of the Rodman, and con- 
cluded that it was closely similar to the Echinosphaerites member of 
the Chambersburg formation of northern Virginia, although there were 
also similarities to the fauna of the Christiania zone. 

Whitcomb, who has studied the fauna of the Salona formation, and 
has been successful in identifying each of several metabentonites along 
the whole belt of outcrop, reached the opinion that the formation is 
older than the base of the Trenton at Trenton Falls; the lowest beds 
in the Trenton Falls section are believed by the writer to be lowest 
Sherman Fall. Raymond correlated the Salona and the Coburn 
formations with the Hull, the Sherman Fall, and the Lower Cobourg 
formations. 

On the basis of the few fossils discussed by Whitcomb, and those 
listed by Collie,’’ it seems probable that the Salona is of Sherman Fall 
age. Cryptolithus tesselatus Green is, in New York, most abundant 
in the base of the Sherman Fall, and is not definitely known below. 
The genus, Cryptolithus, is reported by Raymond '* to be represented 
by a single fragment of a species found in the Athens shale of Chazyan 
age in Virginia; this is the only supposed occurrence below the Sherman 
Fall. Prasopora orientalis Ulrich is associated with Cryptolithus tesse- 
latus in the Salona. 

Parastrophina hemiplicata (Hall) is not listed from the Salona, but 
is present in the overlying Coburn formation. In New York it is 


1% Charles Butts: Geologic section of Blair and Huntingdon counties, central Pennsylvania, Am. 
Jour. Sci., 4th ser., vol. 46 (1918) p. 525-26. 

13 R. M. Field: Middle Ordovician of central and south central Pennsylvania, Am. Jour. Sci., 
4th ser., vol. 48 (1919) p. 403-428. 

4 C. A. Bonine and A. P. Honess: Bentonite in Pennsylvania, Pa. Acad. Sci., vol 3 (1929) 
p. 18-25. 

18 Lawrence Whitcomb: Correlation by Ordovician bentonite, Jour. Geol., vol. 42 (1932) p. 522- 
534; Correlation of Ordovician limestone at Salona, Clinton County, Pennsylvania, Pa. Top. Geol. 
Surv., Bull. 65 (1932). 

16 Percy Raymond: op. cit., pl. 8. 

1G. L. Collie: Ordovician section near Bellefonte, Pennsylvania, Geol. Soc. Am., Bull., vol. 14 
(1903) p. 407-420. 

18 Percy Raymond: Some Trilobites of the lower Middle Ordovician of eastern North America, 
Mus. Comp. Zool. Harvard, Bull., vol. 67 (1925) p. 21. 
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abundant in the Hull formation, rare in the underlying Rockland; but 
in Ontario it is abundant in the Lower Cobourg limestone of Prince 
Edward County. The Salona graptolites are of lower Canajoharie 
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Figure 6.—Columnar sections of formations in southwestern Virginia 


(Sherman Fall) character; however, graptolites are not known in the 
Rockland and the Hull, and would presumably be most like those of 
the Canajoharie. Although Triplecia cuspidata (Hall) has not been 
found beyond the limits of the Rockland, other species, such as Triplecia 
extans (Emmons), are found in younger Trenton formations. 
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Studies of the sequence of metabentonite beds in sections at Stras- 
burg, Virginia, and in central Pennsylvania have led Rosencrans ** to 
suggest that the clays in the lower Salona are identical with those in 
the lower Martinsburg of northern Virginia. This correlation seems 4 
in accord with the faunal evidence. Both the Salona formation and 

the lower Martinsburg of north- 
A. BIRMINGHAM, ALA. ern Virginia seem equivalent to 
the Sherman Fall formation of 

New York. 
pe’ Mocassin- Martinsburg (South- 
western Virginia) sequence.—In 
= the eastern belts of Ordovician 
sediments in southwestern Virginia 
and eastern Tennessee, the Moc- 
assin formation, of reddish cal- 
B. ATTALA, ALA. careous shale, is succeeded by the 
' Martinsburg limestone and shale; 
the latter have been called “Sevier” 
shale, although not identical with 
the typical formation of that ig 
name. Many exposures of these 
formations reveal metabentonite 
beds in the Martinsburg; two that 
a are representative are (a) that 
far along Virginia Highway 125, 0.7 
miles north of Old Rosedale, about 
_ 10 miles east of Lebanon, Russell 
along Highway 23, 1.7 miles north 

of Narrows, Giles County, Virginia (Fig. 6). 

The listed faunules from the formations are few, and the Mocassin 
is practically non-fossiliferous. Ulrich *° has correlated the Mocassin 
with the Lowville formation of the Black River; Tetradiwm cellulosum 
is found in limestones at the base of the red shales identified as 
Mocassin in Alabama.” Raymond ” cited the presence of “Plactam- 
bonites sericeus” = (Sowerbyella sp.) and Dalmanella “testudinaria,” 
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19 R. R. Rosencrans: op. cit. 

®E. O. Ulrich: Ordovician Trilobites of the Family Telephidae and concerned stratigraphic 
correlations, U. S. Nat. Mus., Pr., vol. 76, art. 2 (1930) p. 80. 
= 1 Charles Butts: Geology of Alabama, Ala. Geol. Surv., Spec. Rept. 14 (1926) p. 121. 
x 22 Percy Raymond: Correlation of the Ordovician strata of the Baltic Basin, Mus. Comp. Zool. 
Harvard, Bull., vol. 56 (1916) p. 242. 
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and classified the formation as Hull and lower Sherman Fall. Bassler ?* 
correlated the formation with the upper Chambersburg. 

The fauna of the limestones of the lower part of the Martinsburg 
is of Trenton age; few fossils have been listed. The beds were corre- 
lated with the “Hermitage” or Logana of seneetins by Bassler; Ray- 
mond *4 was of the opinion that the 
Logana is older than the Hermit- ESCANABA R,, MICH. 
age, which he believed to be equiv- 
alent to the Jessamine of Kentucky. 
The Logana contains Cryptolithus 
tesselatus and Prasopora simula- 
triz; thus, it seems homotaxial with 
the lower Sherman Fall. Moreover, 
it overlies the Curdsville formation, 
which, although Raymond corre- 
lated it with the Rockland, has an 
echinoderm fauna strikingly like 
that of the Hull. Thus, it would 
seem that the metabentonites of 
southwestern Virginia are in beds 
of about Sherman Fall age. The 
nine-foot bed measured in Russell 
County is the thickest single bed of as" 
altered volcanic materia} seen by 
the writer. ?B 

Chickamauga (Alabama and * DLACK RIVER 
Georgia) sequence.—The Chicka- 
mauga is a terrane extending from along the Escanaba River in northern Michigan 
the Chazyan to the Cincinnatian, 
and separable on the basis of included fossils. The formation extends 
from Alabama into Tennessee in the western belts of Ordovician out- 
crop. Metabentonites have been reported in the formation by Butts.” 
On the west slope of Red Mountain, two miles west of Attala, several 
beds of clay are in limestones of Lowville age, as is attested by the 
presence of Tetradium cellulosum (Hall) in the limestone above the 
uppermost bed; the section is illustrated in Figure 7A. 

The limestones including metabentonite on Red Mountain, south of 
Birmingham, are of Curdsville equivalence, according to Butts. The 
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23. S. Bassler: op. cit., p. 51. 
% Percy Raymond: Ordovician of central Tennessee and Kentucky, Geol. Soc. Am., Bull., vol. 33 
(1922) p. 579. 
% Charles Butts: op. cit., p. 127. 
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Curdsville limestone of Kentucky contains an echinoderm fauna like 
that of the Hull. Metabentonite beds occur in similar horizons in 
the Chickamauga limestone in northwestern Georgia.”* “The bentonite 
occurs as a bed one to 20 inches in thickness in limestone of Black 
River (Lowville) or basal Trenton age” in the Chickamauga formation. 

Little Oak limestone (Alabama and Georgia).—The presence of 
metabentonite in the top of the Little Oak limestone, which crops out 
in one of the eastern belts in northeastern Alabama, was reported by 
Butts.?”. Although he classified the formation with the Chazyan, it 
contains faunules similar to those in the Chambersburg limestone of 
Virginia. It overlies the Athens shale, and is unconformably succeeded 
by Devonian formations; possibly a part of the formation is younger 
than Chazyan. 

NORTHERN MICHIGAN 

The best exposures of Mohawkian rocks in northern Michigan are 
along the Escanaba River, from north of Cornell to its mouth. The 
divisions have not been given formal names; their supposed correla- 
tions are shown in Figure 8. The 25 feet of beds succeeding the sup- 
posed “Black River” limestone are shaly, the occurrence of Parastro- 
phina hemiplicata and Hemiarges paulianus showing that they are of 
Hull age and essentially equivalent to the lower Prosser of Minnesota, 
from which the latter species was first described. The succeeding beds 
are limestones, also of Hull age, the thickness of which is not exactly 
known; these contain a thin metabentonite seam, five feet from their 
base. 

Farther downstream, in the cliff below Chandler Falls (Dam No. 3, 
Escanaba Power and Paper Company) west of West Gladstone, the 
lowest exposed beds are filled with bryozoans, Prasopora selwyni 
Nicholson being common, and indicating their Sherman Fall age. About 
ten feet above the base of the exposure are two clay seams, separated 
by two and a half feet of shaly limestone; these metabentonites reach 
a maximum thickness of three inches but are quite lenticular in char- 
acter (Pl. 21, fig. 2). The upper part of the exposure is of limestone 
containing Maclurina cuneata (Whitfield), characteristic of the base 
of the Stewartville formation of Minnesota. 

THE MISSISSIPPI VALLEY 


Platteville-Decorah (Upper Mississippi Valley) sequence—A thin 
metabentonite persists, a foot from the base of the Spechts Ferry 


28 Richard W. Smith: Shales and brick clays, Ga. Geol. Surv., Bull. 45 (1931) p. 335-340. 
27 Charles Butts: op. cit., p. 114. 
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member of the Decorah formation, in the upper Mississippi valley, and 
has been correlated with that in the Glenburnie.2* The volcanic origin 
of this clay has been demonstrated by Allen.2® The Spechts Ferry 
member contains a fauna similar to the Glenburnie member of the 
Chaumont formation of the type region,*° and overlies the Platteville 
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Ficure 9.—Columnar sections of formations in Iowa and Wisconsin 


formation, which has Tetradium fibratum Safford, characteristic of the 
Leray member of the Chaumont, in its upper part. The succeeding 
members of the Decorah formation are of Trenton age.** 

The thin clay seam, seven feet six inches below the arenaceous base 
of the Platteville limestone, 3.7 miles north of Fountain, Minnesota,” 
gives an X-ray diffraction similar to, but not identical with, those 


characteristic of metabentonite. 
Sequences in which the metabentonite occurs are illustrated in 


Figure 9. 


2G. Marshall Kay: Stratigraphy of the Ordovician Hounsfield metabentonite, Jour. Geol., vol. 


39 (1931) p. 369-372. 

2 Victor T. Allen: Ordovician altered volcanic material in Iowa, Wisconsin and Missouri, Jour. 
Geol., vol. 40 (1932) p. 259-269; Altered tuffs in the Ordovician of Minnesota, Jour. Geol., vol. 37 
(1929) p. 239-248. 

8G. Marshall Kay: Stratigraphy of the Decorah formation, Jour. Geol., vol. 37 (1929) p. 668. 

81 G. Marshall Kay: Mohawkian Ostracoda: Species common to faunules from the Trenton, Hull 
and Decorah formations, Jour. Pal., vol. 8 (1934) p. 328-344. 

%3F, W. Sardeson: Stratigraphic affinities of the Glenwood shales, Pan-Am. Geol., vol. 60 (1933) 


p. 85. 
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Plattin-Kimmswick (Missouri) sequence——A ten-inch bed of clay 
is in the lower part of the “Decorah” shale in southeastern Missouri.** 
The whole of the “Decorah” shale of Missouri seems equivalent to the 
lower member of the formation in Iowa, and, thus, to be of Black 
River age, the upper Decorah in Iowa being lower Trenton. The 
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Ficurs 10.—Columnar sections of formations in Kentucky and Tennessee 
After Bassler. 


Missouri metabentonite seems identical with that in the basal Decorah 
in the upper Mississippi valley; it is classified as middle Chaumont 
in age. 
KENTUCKY AND TENNESSEE 

Tyrone-Curdsville-Hermitage sequence.—The occurrence of a five- 
foot bed of plastic clay at High Bridge, Kentucky, was recorded 45 
years ago by Ulrich.** This bed and one at Singleton, Tennessee, were 
identified as being of volcanic origin by Nelson.*® The sections have 
been described recently by Bassler ** (Fig. 10). Bassler correlated the 
Tyrone limestone, which includes the metabentonites, with the Lowville 
formation of the Black River. 


%3 Victor T. Allen: Ordovician altered volcanic material in Iowa, Wisconsin and Missouri, Jour. 
Geol., vol. 40 (1932) p. 259-269. 

*E. O. Ulrich: Correlation of the Lower Silurian horizons of Tennessee and of the Ohio and 
Mississippi valleys with those of New York and Canada, Am. Geol., vol. 1 (1888) p. 107. 

% W. A. Nelson: Volcanic ash beds in the Ordovician of Tennessee, Kentucky and Alabama, 
Geol. Soc. Am., Bull., vol. 33 (1922) p. 605. 

*R. S. Bassler: Stratigraphy of the Central Basin of Tennessee, Tenn. Div. Geol., Bull. 38 
(1932) p. 64-66. 
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SUMMARY OF DISTRIBUTION OF ALTERED VOLCANIC MATERIALS 


It has been shown that altered volcanic materials and related clays 
are widely distributed over the southeastern part of North America. 
In Mohawkian beds, they are found in the Chaumont formation of 
the Black River group, and in the Rockland, the Hull, and the Sherman 


LOWVILLE 


Ficure 11.—Paleogeographic map of middle Black River, Lowville time 


The eastern part of North America has been extended to eliminate geographic shortening 
through post-Ordovician diastrophism on this, and succeeding, maps. The position of the streams 
on the land is arbitrary, and there is insufficient evidence for the location of the shores on the 
southwestern part of the map. 


Fall formations of the Trenton group in the standard section in New 
York. Faunal evidence demonstrates their presence in Lowville beds 
in other regions. 

That there was a large quantity of volcanic material ejected in Low- 
ville time is evidenced in a thickness of five feet of clay, reported in 
beds of this age in Kentucky; the locality was at least 150 miles from 
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any possible source, and probably much farther. The paleogeographic 
map of Lowville time (Fig. 11) shows that clays should have been 
deposited in regions from which none has been reported. 

The restricted character of Chaumont, and particularly of Rockland 
(Fig. 12), seas would explain the seeming absence of clay beds in sev- 
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Ficure 12.—Paleogeographic map of earliest Trenton, Rockland time 
The restricted character of the seas is evident; the isolation of the Appalachian geosynclinal 
seas may account for the absence of the fauna of the formations of that area from Rockland 
formations farther west. 


eral regions. Chaumont clay beds are among the most distantly dis- 
tributed of all Mohawkian metabentonites, being found in Minnesota, 
Ontario, and New York. Rockland beds are limited to thin clays in 
New York and in the part of the Chambersburg formation correlated 
with the Rockland. Marine formations of Hull age are not known in 
the region in the Appalachian Valley where volcanic beds of other ages 
are thickest, but are in the Hull-correlated Christiania bed farther 
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north, and in New York. The considerable thickness of volcanic mate- 
rial in Alabama in a formation that has been correlated with the Hull, 
and the occurrence of metabentonite in New York in the Hull forma- 
tion, indicate that there was distinct volcanic activity during that 
time. 


SHERMAN FALL 


Ficure 13.—Paleogeographic map of middle Trenton, Sherman Fall time 
Showing the wide distribution of the seas of this age. 


Although metabentonites are most abundant and thickest in beds 
of Sherman Fall age in the Appalachian Valley, and are found in New 
York, Vermont, and northern Michigan, they have not been reported 
from formations elsewhere representing this widespread Trenton sea 
(Fig. 13). The thickest clay bed identified is of this age in Russell 
County, southwestern Virginia. From the fact that clay beds seem 
to diminish in thickness away from this locality, it would follow that 
the center of most active volcanism was near to the area, possibly in 
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northwestern North Carolina (Fig. 14). Volcanism was not restricted 
to this one area, as is indicated in the reported presence of extruded 
basalts within shales classified as Trenton in eastern Pennsylvania.*’ 
It is doubtful whether this extrusive basic lava was directly associated 
with the dispersal of acid volcanic ash, but there may have been other 


= USSELLCO. 

o 
VIRGINIA 
= 
30 GILES CO. PENNSYLVANIA 
¥ 20 Pe STRASBURG UNION FURNACE NEW YORK 

0 100 200 300 400 500 600 
MILES FROM NORTHWEST NORTH CAROLINA 


Ficure 14.—Diagram illustrating the decreasing thickness of ash in formations of Sherman Fall age 
Northward from northwestern North Carolina. In each region the thickest bed is represented. 


areas where volcanoes were active in the ejection of volcanic materials 
now represented in metabentonitic clays. 


CONCLUSION 


Volcanism prevailed in varying intensity during Chazyan and Mo- 
hawkian epochs, along the western margin of Appalachia. The Mo- 
hawkian volcanic materials that were ejected are distributed through 
formations ranging in age from Lowville to Sherman Fall. The rela- 
tively great thickness of altered volcanic rocks in southwestern Virginia 
suggests that an active center of volcanism was in the adjacent crys- 
talline region of North Carolina; there may have been other volcanic 
regions farther to the north. The ash beds have been recognized in 
sixteen states and the province of Ontario, in regions as distant as 
Vermont, northern Michigan, Minnesota, and Missouri. 
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37 G. W. Stose and A. I. Jonas: Ordovician shale and associated lava in 
vania, Geol. Soc. Am., Bull., vol. 38 (1927) p. 505-536. 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 46, PP. 245-252, PLS. 23-25. FEBRUARY 28,1935 


FLORA OF THE PENSAUKEN FORMATION IN NEW JERSEY* 


BY EDWARD W. BERRY AND ALFRED C. HAWKINS 


(Presented before the Geological Society, December 30, 1933) 


CONTENTS 
Page 
GEOLOGY 


Fossil plants have been found in the Pensauken formation, 114 miles 
southeast of Dunham’s Corner, in East Brunswick Township, Middle- 
sex County, New Jersey. A few years ago the attention of the junior 
author was called to this occurrence by a farmer, Floyd S. Clark, who 
had noticed the fossil leaves. On the south side of the road known as 
Fern Drive, about three miles south of the town of South River, on the 
old Stults farm, a hillock rises to a height of about 130 feet above sea 
level. It is capped by sand and gravel of a yellow color, belonging to 
the Pensauken formation, in which there is an abandoned pit from 
which blocks of limonitic sandstone were removed years ago, to be 
used in walls and foundations. The cementation of the sand by limo- 
nite has resulted in the preservation of the impressions of plant remains 
which were in the sand. The sand itself at this locality is of angular 
grain, and the pebbles in it are predominantly quartz. 

Wells, which have been drilled in the immediate vicinity of the 
locality described, show that the Pensauken gravel is here about 40 
feet thick; underneath it is the Woodbridge fire-clay of Cretaceous 
age, with a thickness of about 40 feet; below this comes the white Creta- 
ceous water-sand No. 1, extending here continuously, according to ob- 
servations made during the drilling of a deep well, to a depth of prob- 
ably 180 feet below sea level; and then are encountered the red shales 


* Manuscript received by the Secretary of the Society, January 9, 1934. 
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and the rusty spotted white arkosic sandstones of the lower, or Stock- 
ton, member of the Triassic system. 

The exposed thickness of the yellow Pensauken sand is noticeably 
great in the vicinity of the city of South Amboy (where continuous 
foreset beds, in a deep railroad cut, indicate deposition from the east). 
At the Crossman pit, Parlin, 30 feet thickness shows at present, and 50 
feet or more will be exposed as excavation proceeds into the hill. At 
a point just west of Woodbridge (M. D. Valentine and Brother’s north 
pit) 65 feet of the Pensauken appear; and at least four of the United 
States Army wells, drilled in 1933 along the proposed Sea Level Canal 
Route—Numbers 2A, 3A, 4A, and 5A, located one to two miles south- 
west of Jamesburg—show 60 to 65 feet of the formation. (Its lower 
limit here is about +65 feet). 

The field relations of the Pensauken to the two well-exposed forma- 
tions of glacial till of different ages in New Jersey are not obscure. 
The earlier till (Jerseyan), now well exposed in a number of road-cuts 
and pits, south and southwest of Somerville, does not seem to contain 
any traces of Pensauken within it. In one fine excavation, in a pit 
which is being actively worked in the summer of 1934, the Jerseyan 
till rests directly upon the upper surface of 10 feet, or more, of typical 
yellow Pensauken sand. This pit is located a mile north of the town 
of Raritan. The later Wisconsin till, also, where exposed today in 
several excellent exposures in northern Middlesex County, in the clay 
pits of the Woodbridge area especially, rests upon an eroded surface 
of the Pensauken, with a sharp contact. Along the new superhighway 
(Route 25) just west of Woodbridge, excavation in 1932 showed hori- 
zontal strips of Pensauken, nearly a foot wide, included in the Wiscon- 
sin till. Such included layers are produced as a result of faulting, and 
horizontal drawing out of the top of the upthrow block by further pas- 
sage of ice across it. 

It seems evident that the Pensauken is older than either the Wiscon- 
sin or the Jerseyan glacial invasions; but that it was laid down in a 
relatively warm interglacial period, there can be little doubt. 

The evidence of powerful wind action in this general area may be 
mentioned. Excellent “dreikanter” pebbles and boulders of quartzite, 
often having wind-blown pitted surfaces, and others covered with 
“desert varnish,” are quite common in the vicinity of New Brunswick. 
They rest upon a cleanly eroded horizontal surface, cut across the 
dipping red shale layers of the local Triassic. This was well shown in 
the excavation for the Rutgers University gymnasium in 1931. The 
boulders are entirely surrounded, and covered to a depth of several 
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feet, by brown sand, fine grained and evenly sorted. Similar sand, 
exposed in the southwest corner of Buccleuch Park, New Brunswick, 
has with it numerous interbedded horizontal layers of yellow Pensau- 
ken, undoubtedly reworked. A similar exposure occurs on Highway 29 
at a point one mile west of Somerville. The age of the sand and the time 
of reworking are unknown. 

The field evidence in New Jersey, which ons favors a relatively 
early origin for the Pensauken formation, is in perfect accord with the 
observations and conclusions of a number of earlier investigators. 
Horace G. Richards,’ in a recent paper, gives a summary of facts and 
references, and a paper by Lester W. Strock? presents interesting 
details of its structure in the vicinity of Philadelphia, Pennsylvania. 


BOTANICAL CHARACTER 


The plants which the senior author has been able to identify from 
the Pensauken at Dunham Corners, East Brunswick, Middlesex County, 
New Jersey, number only 11 species, although there are obviously addi- 
tional forms represented in the material collected. The matrix is a 
micaceous sandstone, and the preservation leaves much to be desired; 
in particular, the venation is much obscured or obsolete. Rather than 
make what could not be other than doubtful determinations, it was 
decided to omit all such questionable forms. 

The plants determined represent a single fern and ten shrubby or 
arborescent dicotyledons, belonging to nine different families. These 
range from the apetalous amentiferous families to those of the Sympe- 
talae (Gamopetalae) so that they constitute a fairly scattered sampling 
of the flora which grew in the vicinity at the time the Pensauken was 
deposited. In large part, they are those plants whose leaves were of 
a more durable texture. The most abundant forms present are the 
Platanus and Viburnum. 

In 1910, the senior author received a similarly preserved collection 
from N. N. Alling, of South Amboy, which he had collected near Metu- 
chen, and which, as the recipient recognized, were from the Pensauken. 
These were lost sight of, and other more important and more interest- 
ing studies have prevented their elaboration. In this connection, the 
presence of fossil plants in an incoherent sandstone in the so-called 
yellow gravel near Bridgeton, in southern New Jersey, should also be 
mentioned. These were discovered by John I. Northrop, in the early 


1 Horace G. Richards: Marine fossils from New Jersey indicating a mild interglacial stage, 
Am. Phil. Soc., Pr., vol. 72, no. 3 (1933) p. 181-214. 

2 Lester W. Strock: A study of the Pi ken formation, Wagner Free Inst. Sci., Bull., vol. 4, 
no. 1 (1929) p. 3-10. 
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80’s, and some were commented upon in print by Arthur Hollick,® but 
the description of the flora as a whole was never published, although 
Dr. Hollick had prepared a complete and illustrated account of it, which 
the senior author saw at least ten years ago. Since his lamented 
death in the spring of 1933, this manuscript has not been found among 
his papers. It is to be hoped that it will be found eventually and pub- 
lished, for there is some evidence that the plants described may have 
been contemporaneous with the plants from the Pensauken formation 
which are the subject of the present paper. 


CLIMATIC CONSIDERATIONS 


All the plants enumerated in the following pages are still existing 
species. The following seven reach their present day northern limits 
in southeastern Canada: Onoclea sensibilis, Salix humilis, Castanea 
dentata, Platanus occidentalis, Sassafras officinale, Gaylussacia 
dumosa, and Viburnum alnifolium. Although Magnolia virginiana oc- 
curs as a relict in Massachusetts and on Long Island, it may be con- 
sidered to reach its normal northern limit of range in southern New 
Jersey. Three species—i. e., Cebatha carolina, Philadelphus inodorus, 
and Persea borbonia—do not extend north of Virginia at the present 
time. All have a considerable latitudinal range, eight extending south- 
ward to Florida, Alabama, Louisiana, or Texas, and only three—i. e., 
Salix humilis, Castanea dentata, and Viburnum alnifoliwm—reach their 
southern limit in North Carolina or Tennessee. 

The logical conclusion from a consideration of these ranges in the 
existing flora suggests that the climate in Middlesex County when the 
Pensauken formation was being deposited was somewhat more genial 
than it is at present in this region. Most of the species enumerated 
are alluvial valley types of stream margins or wet woods, the excep- 
tions being the Castanea, which is a deep rich soil type, more charac- 
teristic of the upland, although it was also common in the Coastal 
Plain before the advent of the chestnut blight; Salix humilis and Sassa- 
fras officinale, which are usually classed as dry soil types, although their 
presence in association with the other named Pensauken plants is not 
in the last discordant with the present conception of the Pensauken 
environment. 


* Arthur Hollick: Paleobotany of the yellow gravel at Bridgeton, New Jersey (abst.), Torrey 
Bot. Club, Bull., vol. 19 (1892) p. 330-333; New species of leguminous pods from the yellow 
gravel at Bridgeton, New Jersey, Torrey Bot. Club, Bull., vol. 23 (1896) p. 46-49; A new fossil 
monocotyledon from the yellow gravel at Bridgeton, New Jersey, Torrey Bot. Club, Bull., vol. 24 
(1897) p. 329-331. 
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FLORA OF THE PENSAUKEN FORMATION 


1.—Onoclea sensibilis Linné. 2.—Saliv humilis Marsh. 8.—Castanea dentata (Marsh) 
Borkh. 4.—Viburnum elnifolium Marsh. 
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AGE INDICATIONS 


Regarding the age which these plants indicate, the fact that all are 
still existing species and that several are characteristic and abundant 
types in the known Pleistocene of the Coastal Plain renders it highly 
improbable that they could be pre-Pleistocene. Little is known of 
Pliocene floras in North America, but, judging from the abundant Plio- 
cene floras of Europe, or those known in this country from Alabama 
and California, considerable numbers of plants in the Pliocene are, 
in general, similar, but not exactly like, existing species. 

In a recent paper by Campbell and Bascom,‘ there is some discussion 
of the age. From their remarks it is apparent that they conclude that 
the drift is responsible for the physiographic changes. If this was drift 
of the first glaciation, the Pensauken is preglacial, and if the drift was 
of a later glaciation, the Pensauken is early Pleistocene. The character 
of the flora indicates either preglacial or interglacial climatic condi- 
tions, and the preponderance of the plant evidence seems to favor the 
second of these alternatives. 


SYSTEMATIC DESCRIPTION 
POLYPODIACEAE 


Onoclea sensibilis Linné 


(Plate 23, figure 1) 


This species is a fern of moist soil, which in the living flora ranges from New- 
foundland and Ontario to Florida and Louisiana. It has not previously been 
recorded from the Pleistocene. The single terminal fragment of a frond figured 
is the only specimen found. 


SALICACEAE 
Salix humilis Marsh 
(Plate 23, figure 2) 


This is a dry soil species, which ranges from Nova Scotia and Ontario to North 
Carolina and Tennessee in the living flora, and which has not heretofore been 
found fossil. In Maryland it is common in dry woods and open places in the 
Coastal Plain, Piedmont, and Great Valley regions. The Pleistocene of Europe 
has furnished 26 Pleistocene species of Saliz, only one of which appears to be 
extinct; the Pleistocene of North America has furnished 7 species, two of which 
appear to be extinct. 


4M. R. Campbell and Florence Bascom: Origin and structure of the Pensauken gravel, Am. Jour. 
Sci., 5th ser., vol. 26 (1933) p. 300-318. 
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FAGACEAE 


Castanea dentata (Marsh) Borkli 
(Plate 23, figure 3) 

Although this identification is based upon the single fragment figured, there can 
be little doubt of its correctness. The species has not been recognized heretofore 
in the fossil state, although it is possible that the Castanea sp. from the Bridgeton 
sandstone may be this species. Before the advent of the chestnut blight the 
existing form was a denizen of rich soil, and ranged from Maine and Ontario to 
North Carolina and Tennessee. 


PLATANACEAE 


Platanus occidentalis Linné 
(Plate 24, figure 4) 

This is one of the most common Pleistocene trees of the Atlantic Coasta] Plain 
and has already been recorded from Ontario, Massachusetts, Pennsylvania, Mary- 
land, West Virginia, District of Columbia, North Carolina, and Alabama. At 
the present time it ranges from Maine and Ontario to Florida and Texas, on moist 
soils of stream borders and valleys. Several specimens are contained in the col- 
lection, all being of the immature form like the specimen figured. 


MAGNOLIACEAE 
Magnolia virginiana Linné 
(Plate 25, figure 1) 
This is one of the few leaves in the collection which satisfactorily shows the 
venation. It is at present a dweller in swamps and swampy woods from eastern 


Massachusetts and Long Island (relict occurrences) to Florida and Texas. It is 
found fossil in the Bridgeton sandstone of southern New Jersey and at Vero, 


Florida. 
MENISPERMACEAE 


Cebatha carolina (Linné) Britton 
(Plate 24, figure 3) 
A single, but characteristic, specimen. In the recent flora it is a stream border 
plant, which, in the eastern United States, ranges from Virginia to Florida. It 
has not previously been found fossil. 


SAXIFRAGACEAE 


Philadelphus inodorus Linné 
(Plate 24, figure 1) 
A plant of thickets, chiefly in upland situations, ranging from Virginia to Ala- 
bama. The genus goes back at least to Miocene times, but has not heretofore 


been encountered in the Pleistocene. It is quite possible that the plant which 
Hollick recorded from the Bridgeton sandstone as Cinnamomum sp., may repre- 


sent this species. 
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FLORA OF THE PENSAUKEN FORMATION 


1.—Philadelphus inodorus Linné. 2.—Sassafras officinale Nees and Eberm. 3.—Cebatha i 
carolina (Linné) Britton. 4.—Platanus occidentalis Linné. t 
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FLORA OF THE PENSAUKEN FORMATION . 


1.—Magnolia virginiana Linné. 2.—Persea borbonia (Linné) Sprengel. 3.—Gaylussacia 
dumosa (Andr.) Torrey and Gray. 4.—Sassafras officinale Nees and Eberm. 
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LAURACEAE 


Persea borbonia (Linné) Sprengel 
(Plate 25, figure 2) 


This is a plant of stream and swamp borders, ranging from Virginia to Florida 
and Texas. It is found in the Bridgeton sandstone of southern New Jersey, doubt- 
fully in Tennessee and certainly in the Texas Pleistocene. There are several 
specimens in the present collection. 


Sassafras officinale Nees and Eberm 
(Plate 24, figure 2; Plate 25, figure 4) 


There are several specimens in the present collection, all of which are fragmen- 
tary specimens of entire leaves. The modern tree is a dry soil type, ranging from 
Massachusetts and Ontario to Florida and Texas. Although the genus goes back 
to the Mid-Cretaceous, the existing American species has not before been found 
fossil. 

VACCINIACEAE 


Gaylussacia dumosa (Andr.) Torrey and Gray 
(Plate 25, figure 3) 


A single specimen. The modern species is one of sandy swamps, ranging from 
Newfoundland to Florida and Louisiana. The species has been recorded from 
the Pleistocene blue clays at Waterville, Maine. For some reason this genus 
is relatively rare in the fossil record, although the related genus, Vaccinium, is 
not, and has furnished a number of records in the eastern Pleistocene. 


CAPRIFOLIACEAE 


Viburnum alnifolium Marsh 
(Plate 23, figure 4) 


Several specimens are contained in the present collection. The existing repre- 
sentatives are shrubs of low woods, ranging from New Brunswick (Canada) and 
Michigan to North Carolina. This is the first fossil record of this species. The 
genus ranges from the Mid-Cretaceous to the Recent, the extinct species outnum- 
bering the living ones. Several modern species are found in the European Pleisto- 
cene, and the following have been recorded from the Pleistocene of the Atlantic 
Coastal Plain: dentatum, molle, nidum, and prunifolium, although none has 
previously been recorded from New Jersey. Viburnum bridgetonense, named by 
Hollick, from the Bridgeton sandstone, under the impression that this sandstone 
was of Miocene age, may well represent a species still living. 
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Illustrating the position of the Newberry volcano (Paulina Mountains) 
in relation to the High Cascade volcanic chain. 
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LOCATION OF THE VOLCANO 


About 35 miles east of the crest of the Cascade Range in central 
Oregon, at the western margin of the great “Interior Platform of the 
Columbia lavas,” rises a conspicuous and isolated volcano, culminating 
in Paulina Peak. At the summit of this volcano, there is an amphi- 
theater, five miles long and four miles wide, hemmed-in on all but 
the western side by cliffs up to 1,500 feet in height. This is obviously 
an ancient caldera. On its floor lie two lakes, bordered by cones of 
white pumice and black basaltic cinders and by barren flows of obsidian. 
I. C. Russell, who was the first to describe this spectacular feature, 
named it the Newberry Crater, in honor of Professor J. S. Newberry. 

To appreciate fully the setting of this volcano, it is best to climb 
to its highest point, which rises to an elevation of 7,985 feet, almost 
4,000 feet above the encircling plateau. On a clear day the view 
from here is indescribably grand, embracing all but a few of the 
snow-capped volcanic cones of the Cascade Range, from Mount Adams, 
dimly visible in the north, to Mount Shasta, in the south, a panorama 
more than 300 miles in length. To the southwest, 70 miles distant, 
may be seen the sharp pinnacle that occupies the vent of the Mount 
Thielsen volcano and the gentle slopes of the Mount Mazama volcano. 
surrounding Crater Lake. Eastward, the view is strikingly different, 
extending over a vast plateau of the “Columbia basalts,” relieved only 
by a few mesa-like fault-blocks and by clusters of small cinder cones. 


SIZE AND FORM OF THE VOLCANO 


The Newberry volcano has the form of a circular shield, deeply 
dented on top and ornamented on the sides with many small conical 
knobs. It reminds one of Mauna Loa and Mount Etna, similar broad 
shields of lava, capped by deep summit craters and marked on the 
flanks by scores of parasitic cinder cones. 

The Newberry shield has a basal diameter of approximately 20 
miles and rises probably about 4,000 feet above a floor of “Columbia 
basalt.” Its volume cannot be much less than 80 cubic miles, equaling 
that of Mount Shasta, the largest of the Cascade cones. On the outer 
slopes of the shield, there are more than 150 cones of basaltic cinders, 
almost all of which are grouped on the north and the south flanks. 
Some of them are disposed in regular lines. The angle of slope of the 
shield increases rapidly in the upper half, but the average varies only 
from 3° to 4°. This concavity of the slopes is due, in part, to the more 


11. C. Russell: The geology and water resources of central Oregon, U. 8. Geol. Surv., Bull. 252 
(1905) p. 97-110. 


& 
4 
A 
i 
3 
q 
if 
i 3 


BULL. GEOL. 800. AM. 


5 


North Paulira Pk. 
Basaltic 
Cirder Cores | 


Outer or Dip Slope - 
of Main Core 


Pumice Cor 


Hot Springs Basalt Fi 


Obsig,; 
Paulira 
Creek Do 


der 
Pumice 


| 
8 
a 
in 
: 


Bardi 
North Paulina Pk. Cale 
Basaltic 


Cirder Cores Pumice Core 


: 
‘ ‘oder Cov eT 


Barding in Lavas of 
Caldera Wall 


Basaltic Pumice C 
Tuff Cores | 
Fissure Obsidiar Flows Fault Va 


NS Obsidian Pumice 


Com ills 

x 

obsidian of 
showing wave-like arranr@ 


PANORAMIC SKETCH OF NEWBERRY CALDERA, FROM PAULINA PEAK ON SOUTH RIM 


> 
k. 
Core 
. 
Obsidian Flow 
an Flow Pumi on® = 
alt Flow 
e® 1 
osall 
Re 
U 


Pumice Core 
| ‘China Hat 


Fault Valley | 


is 


VOL. 46, 1935, PL. 27 


‘Chira Hat’ 


Parasitic Cinder Cones 


Ql 
S 
| aby, 
Q 
ges Out 
er Ss 
for Scoria N Q; of 
Glassy Rhyolite one 
| 


SIZE AND FORM OF THE VOLCANO 257 


restricted distribution of the later flows from the summit-vent and, in 
part, to the outpouring of lavas from fissures near the base. 

The walls of the great amphitheater at the top reach a height of 
1,500 feet and are steepest on the south side. They average about 
1,000 feet in height along the east and the north sides, but dwindle 
westward and finally disappear at the outlet of Paulina Lake. Erosion 
has done little to modify the general form of the volcano except in 
its upper parts. 

LAKES 


Before reviewing the volcanic history of the Newberry shield, a few 
remarks may be made concerning Paulina and East lakes, which lie 
on the caldera floor. 

Paulina, the larger lake, is approximately two miles long and one 
and one-half miles wide. Its western end is shallow and crowded with 
dead trees, caused by the recent, artificial raising of the lake level. 
Most of the lake is between 200 and 230 feet deep, and the slopes rise 
sharply close to the shore. Along the eastern margin, a well-cemented, 
gravelly beach deposit extends about six feet above water and contains 
abundant fragments of Equisetum and casts of pine cones. Elsewhere, 
storm beaches are as much as ten feet high. Much of the water that 
feeds the lake percolates from East Lake, through the divide of 
porous volcanic rocks; some of it is supplied by springs, among which 
there are several along the northeast shore that have a temperature 
of about 110° F. Glacial moraines may once have dammed the lake 
on the west, but it now drains over a rock barrier into Paulina Creek, 
which makes a hurried descent down the outer slope of the volcano, 
following a narrow and youthful, steep-walled canyon and cascading 
in several large falls over the massive lavas and interbedded ashes. 

East Lake, the level of which is 40 feet higher than that of Paulina, 
is much shallower, and its bottom is irregular. The south side is espe- 
cially shallow, not exceeding a depth of 30 feet within 100 yards of 
the shore. The deepest sounding, 165 feet, was obtained in a narrow 
east-west trough, perhaps a recent fissure, from 200 to 300 yards off 
the central part of the north bank. Russell? states that the water 
of the lake is notably alkaline. Near the resort on the southeast side 
there are hot alkaline springs charged with sulphur and soda, and 
even at depths of a few feet some of them have a temperature of 120° F. 
Over a wide area, the tuffs surrounding these springs are decomposed 
to opal or are colored a bright brick red by oxidation of iron. 


2 Op. cit., p. 101. 
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It might be thought that the two lakes occupy explosion-craters or 
sinks of Hawaiian type on the floor of the caldera, but there is no 
satisfactory evidence to favor the view. They may once have been 
united and subsequently separated by the accumulation of ejecta along 
a north-south ridge. 


BEDROCK BENEATH THE VOLCANO 


It should be confessed at once that there is only meager evidence 
concerning the foundation upon which the Newberry shield is built. 
Neither here nor in any of the adjacent Cascade volcanoes known 
to the writer, are there any accidental * sedimentary fragments brought 
up from below. The oldest rocks exposed in the vicinity of the volcano 
form two large fault-blocks, one at its southeast and the other at its 
northeast base. Part of the former, represented on the map (Fig. 2), 
extends as a bold ridge through Indian Springs and Amota buttes. 
This block is made up principally of coarse pyroxene andesites and 
andesitic basalts that strike N.10°-15° W. and are gently folded. 
The other block forms Pine Mountain, and this, also, is entirely made 
up of voleanic rocks (basalts and rhyolites or dacites) that strike 
northwest and are sharply folded, in places standing vertically. 

Probably similar lavas pass beneath the Newberry volcano, forming 
a series several thousands of feet in thickness. Whether they are a 
part of the Miocene “Columbia lavas” or belong to an earlier series 
is unknown. That Miocene lavas do underlie the Newberry shield is 
suggested, however, by the fact that the volcanoes of the High Cas- 
cades—Crater Lake, Mount Thielsen, and the Three Sisters—are 
underlain on the west by eastward-dipping lavas largely of that age, 
ranging in type from rhyolite to basalt.t Perhaps the supposedly 
Miocene lavas are here underlain by Oligocene and Eocene volcanic 
rocks, similar to the John Day and the Clarno formations farther 
north. In any event, it is clear that the Newberry volcano rests on 
a pile of volcanic ejecta considerably more than a mile thick, com- 
posed of types not unlike those of the volcano itself. 

Beneath this voleanic basement there may well be marine beds of 
Cretaceous age, resembling those lately discovered by Hodge,* north 
of Prineville. Exposures of older Mesozoic and Paleozoic rocks are 
so far removed from the volcano that it is unwise to speculate further. 


8 The nomenclature adopted in this paper is that suggested by C. K. Wentworth and the 
writer in: The classification and terminology of the pyroclastic rocks, Nat. Research Council, 
Bull. 89 (1932). 

4 Eugene Callaghan: Some features of the volcanic sequence in the Cascade Range in Oregon, 
Am. Geophysical Union, Tr. (1938) p. 243-249. 

5E. T. Hodge: Framework of the Cascade Mountains in Oregon, Pan-Am. Geol., vol. 45 (1928) 
p. 341-356. 
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AGE OF THE VOLCANO 


Volcanism continued in this part of Oregon throughout the Tertiary 
period. There is no means of deciding whether or not the Newberry 
volcano began activity during the Pliocene, but its chief development 
probably belongs to the Pleistocene, and it continued to erupt until 
a few centuries ago. Although some of them commenced to form a 
little earlier, the adjacent volcanoes of the High Cascades were erupt- 
ing at the same time and have also poured out copious flows within 
the past thousand years, particularly along their eastern slopes. 


HISTORY OF THE VOLCANO 
RESUME 

The main episodes in the history of the Newberry volcano are as 
follows: First, the upbuilding of a main shield, chiefly by rhyolitic 
and basaltic eruptions from a central caldera; then, the enlargement 
of the caldera, principally by downfaulting; and, finally, parasitic 
eruptions of rhyolite and basalt both on the flanks of the shield and 
on the floor of the caldera. 


BUILDING OF THE SHIELD 


General statement.—Russell * believed that at least two volcanoes 
contributed to the growth of the Newberry shield, the lavas in the 
south wall of the caldera belonging to an older volcano than those in 
the north wall. Perhaps he was misled into this view by the southward 
dip of certain recent flows, bordering the north banks of the two lakes. 
In reality, however, these were erupted after the main shield and the 
caldera had been formed. 

The main mass of the Newberry volcano was built up by outpourings 
from a single, summit-caldera which enclosed many minor vents, but 
the volume was also increased, especially during the later stages, by 
fissure eruptions far down the slopes. Until the shield had assumed 
almost its present proportions, explosive eruptions added little, and 
those that did occur were chiefly of low-temperature, basaltic ejecta. 

Particularly interesting is the fact that throughout the long history 
of the volcano, the magmas were, with few exceptions, either extremely 
acid or extremely basic (rhyolites or basalts). Magmas of interme- 
diate composition, so abundant in the volcanoes of the High Cascades, 
are here conspicuously rare. Moreover, many acid and basic magmas 
were erupted almost, if not precisely, at the same time from closely 
adjacent vents. Naturally, therefore, the succession of ejecta varies 


61. C. Russell: op. cit., p. 99. 
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GEOLOGIC SKETCH-MAP OF 
THE NEWBERRY CRATER 
° AND VICINITY 
CENTRAL OREGON 
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Ficure 2.—Geologic sketch map of Newberry crater and vicinity 
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markedly from place to place; indeed, so strikingly different are the 
rocks on opposite walls of the caldera that Russell may well be 
excused for supposing on a hurried reconnaissance that they were the 
products of distinct volcanoes. 

The following is the approximate succession: 


Thickness 

in feet 
6. Paulina Peak rhyolites, on south wall only....................... Up to 1000 
5. Basalt flows and scoria on north and east walls.................... Upto 450 
4b. Basalt tuffs overlain by andesite on east wall..................... Upto 450 


4a. Basalt flows and scoria on south wall; tuffs and scoriaceous ande- 
site flows on west slope. These ejecta are partly coeval with 


1. Unexposed basalts forming base of shield......................06% 2000 


Unexposed basalts—The early history of the volcano is obscure, for 
the oldest of the exposed lavas lie about 2,000 feet above the supposed 
basement of “Columbia lavas.” The only evidence bearing on this 
matter is offered by blocks and lapilli, torn from depth and erupted 
from cones on the caldera floor. These ejecta are porphyritic augite 
basalts, many of which carry a little olivine, of widely varying texture. 


Early rhyolite flows——The oldest of the visible lavas are strongly 
banded, almost platy, bluish gray rhyolites, revealed in the lower part 
of the caldera wall, along the northeast side of East Lake. Probably, 
similar flows underlie the thick mantle of pumice and cinders in the 
hills on the south side of the lakes. 

Contrasted with most of the later rhyolites, these early flows are 
rarely spherulitic, and, although containing much glass, they appear 
dull and lithoidal. Locally, their platy banding is so pronounced as 
to give them the appearance of gray shales, and elsewhere the banding 
is accentuated by many flattened lithophysae and by the alternation 
of white feldspathic streaks in a more siliceous, bluish gray matrix. 
In general, these flows dip into the caldera wall at angles of less 
than 20°. 


Basalt flows.—The rhyolites are overlain by extremely fine-grained, 
pale gray to dull black basalts, in which it is impossible to recog- 
nize more than a few minute crystals, even with the aid of a hand 
lens. These basalts form the middle slopes of the caldera wall north 
of East Lake and most of the wall north of Paulina Lake. On the east 
side of the caldera they are confined to the lowermost 250 feet and 
on the south side to a few crags at the foot of the great Paulina cliffs. 
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Similar dense basalts crop out in the vicinity of the lower falls of 
Paulina Creek, about two miles down the western slope of the volcano, 
but whether they issued from vents in the caldera or were erupted 
from lateral fissures remains a question. 


Andesitic and basaltic flows and pyroclastic ejecta.—Within the cal- 
dera, the basalts had accumulated in places to a thickness of about 500 
feet when the first violent explosive eruptions took place, presumably 
from several vents. The ejecta vary widely, both in character and in 
thickness; some of them resemble the products of Strombolian erup- 
tions and are rich in fragments that were viscous when erupted; others 
are better classed as the products of lower temperature Vulcanian erup- 
tions’ and are composed primarily of fragments that were already 
solid prior to explosion. 

On the south wall of the caldera, the dense basalts are succeeded 
by bedded deposits of red and brown basaltic scoria crowded with 
lapilli and bombs of Strombolian type, from 25 to 50 feet in thickness. 
Along the east wall, on the contrary, the explosive ejecta are pale 
brown sheets of fine lithic tuff, rich in basaltic fragments, devoid of 
“bread crust bombs” and juvenile scoria. These are the products of 
the comminution of old lavas by low temperature eruptions. Locally, 
they are overlain by streaky, scoriaceous, and auto-brecciated flows 
like those on the Paulina trail. 

Similar lithic tuffs, interbedded with tuff-breccias, form the lower 
part of Paulina Falls. Either they were erupted a little earlier than 
those in the east wall of the caldera or their occurrence at a lower 
level is the result of later faulting. In any event, nothing comparable 
is to be seen on the north wall, where the dense basalts pass up into 
red basaltic scoria and flows of basalt. 

Both at Paulina Falls and on the east side of the caldera, the lithic 
tuffs are followed by flows of andesite. which, although restricted in 
extent, attain a thickness of 400 feet. These are the only andesites 
yet recognized in the Newberry voleano. The fact that they were 
erupted after the tuffs, suggests that they originated during a long 
period of quiescence, culminated by the major pyroclastic explosions 
of the voleano. Such an interval of quiet might permit the differ- 
entiation of andesite from basaltic magma either by syntexis or by 
crystal settling. At the outlet of Paulina Lake and in the gorge below, 
the andesites are gray, scoriaceous flows, reddened and auto-brecciated, 
but on the east wall the flows are of dense black lava, crowded with 
large crystals of feldspar. 


7 See A. Lacroix: Remarques sur les matériaur de projection des volcans, Soc. Géol. France, 
jubilee vol. (1930) p. 431-472. 
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Basalt flows and scoria.—The north and the east rims of the caldera 
and the adjoining outer slopes of the volcano are almost entirely ve- 
neered by sheets of recent cinders, beneath which are sporadic exposures 
of black basalt, more scoriaceous and porphyritic than the earlier 
basalts, interbedded with red and black basaltic scoria. 


Paulina Peak rhyolites—For some reason, both the andesites and 
the basalts just mentioned were prevented from spilling southward 
from the caldera, for on that side the pyroclastic beds are followed by 
rhyolite flows no less than 1,000 feet in thickness. These form the 
girdle of cliffs that rise to Paulina Peak and the high shoulder run- 
ning thence toward the southwest. Apparently, the flows were viscous, 
for none poured more than three miles beyond the caldera rim. As 
activity progressed they were more and more restricted to the south- 
west arc of the caldera, as if their lateral spread had been prevented 
by topographic barriers. Possibly, they escaped through a narrow 
breach in the caldera rim. But why did they fail to overflow the 
northern and the western rims? Certainly, they have not been removed 
by erosion. It may be that just prior to the rhyolitic eruptions, the 
caldera contained several large cones of tuff and scoria, which served 
to restrict the later flows to certain sectors. Such cones of incoherent 
ejecta might easily have been removed both by renewed explosions and 
by glaciation. Possibly, also, several vents were active more or less 
simultaneously, those farther south erupting rhyolite and the others 
andesite and basalt. That lavas of such radically different character 
might be erupted at short intervals cannot be doubted when the later 
history of the volcano is considered. 

The earliest of the Paulina Peak rhyolites are pale gray, porphyritic 
and platy lavas, and some are so vesicular as to be almost pumiceous. 
Evidences of solfataric activity are not rare, certain bands in the 
lava exhibiting marked bleaching, and the joint planes are lined locally 
with opal and specular hematite. 

Among the later rhyolites, the variations may best be studied along 
the trail from Paulina Lake to the Lookout Station on Paulina Peak. 
The platy rhyolites are there succeeded by dense flows in which the 
banding is much less pronounced, and these by black pitchstones over- 
lain by flows so finely laminated as to look, at first sight, like papery 
shales. Still nearer the summit are many varieties of obsidian, some 
of which are heavily charged with lithophysae and large pink and 
gray spherulites. Exactly how many flows of rhyolite are represented 
in the Paulina cliffs it is difficult to estimate, but there must be at least 
a dozen. 


af 
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Summary.—Reviewing briefly the foregoing history of the shield, 
it seems that until the volcano rose about 2,000 feet above its floor, 
it was built up entirely of basaltic lavas. Flows of rhyolite were then 
erupted, up to a thickness of at least 400 feet. Violent explosions 
then covered the rhyolites with basaltic tuff and scoria and probably 
formed several temporary cones on the caldera floor. Subsequently, 
basalts continued to pour over the north rim, alternating with ande- 
sites on the west and the east rims, while on the south side the pyro- 
clastic ejecta were submerged by numerous flows of rhyolite with an 
aggregate thickness of about 1,000 feet. Accompanying these eruptions 
from the summit vents, there were doubtless many outpourings of 
basalt from fissures on the outer flanks of the shield. 


ENLARGEMENT OF THE CALDERA 


Summary of causes.—If the term, caldera, is to be restricted to large 
explosion craters in which the diameter of the vent is relatively small, 
the Newberry amphitheater is not to be included under the term. If, 
however, the term is to be used in the sense defined by Escher, it 
may appropriately be employed here. Escher supposes a caldera to 
be “a very large, steep depression with a flat floor in the top of a 
volcano, the diameter of the upper rim of the depression being much 
larger than that of the necks.” 

That the Newberry volcano once rose higher than now, and, hence, 
that the caldera was formerly smaller, is beyond question. Nor does 
it seem likely that, throughout its early history, the floor of the summit 
depression had more than a smali fraction of its present dimensions, 
5 miles long and 4 miles wide. How was it enlarged? Among the 
possible causes, these seem worthy of consideration: 

(a) Erosion. 

(b) Explosion or the scouring action of gas streams. 

(c) Widening by solution of the walls or collapse following solution below. 

(d) Collapse of the summit as in Hawaiian sinks, by a withdrawal of lava 
from the conduits. 


(e) Peripheral, concentric faulting, accompanied by piecemeal caving-in of 
the walls. 


Erosion.—Russell believed that the amphitheater was formed by the 
expansion of an original crater, first by river and later by glacial 
erosion. Without doubt, these two processes have modified, but only 
slightly, the form of the old caldera, especially on its western side. 
Paulina Creek, which now drains the depression, is a youthful stream, 


8B. G. Escher: Vesuvius, the Tengger Mountains, and the problem of calderas, Leidsche Geol. 
Med., vol. 2 (1927) p. 74. 
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and there is no indication of any earlier, larger river. Nor are there 
any extensive glacial moraines. Some of the radial canyons on the 
south slope may have been widened by glaciers, but the erosion was 
not severe. 


Explosion.—Explosion may be ruled out as a major cause of enlarge- 
ment, because of the absence of coarse fragmental debris on or near 
the rim of the caldera. Admittedly, calderas with precipitous walls 
may be formed by the violent emission of gas, as was the case during 
the intermediate gas-phase at Vesuvius on April 8, 1906, and as 
Escher ® has shown experimentally, but unless all the ejecta have been 
removed by erosion, a possibility extremely remote, the process cannot 
have operated here. 


Widening by solution—Widening by solution at the margin of a lava 
lake also seems improbable. Fresh flows of basalt have often been 
observed to dissolve older flows—e.g., at Kilauea and at Vesuvius—and 
even rhyolites are capable of dissolving more basic lavas, as Fenner 
has observed in Yellowstone Park and in the Valley of Ten Thousand 
Smokes, but if such a process had operated on a large scale at the 
Newberry volcano, one might expect to find hybrid magmas erupted 
during later stages of activity. Instead, one finds a renewal of erup- 
tion of basalt and rhyolite similar to the earlier flows. Had the whole 
summit of the voleano been undermined by an upward spreading of 
the magma reservoir or by a lateral spreading of the conduit due to 
the solution of the earlier lavas—a mechanism suggested by Verbeek 7° 
to explain the great Tengger caldera in Java—blocks of hybrid magma 
should surely be found among the recent ejecta. 


Collapse and peripheral, concentric faulting —Two promising possi- 
bilities remain. The outpouring of basalt, both from parasitic cones 
and from fissures on the flanks of the voleano, may have removed 
magmatic support from beneath the caldera, causing its floor to sink, 
just as the level of the lava lake at Kilauea fell at times of copious 
lateral eruptions. Once the floor had subsided, the walls would begin 
to collapse, as they did at Halemaumau after the explosions of 1924. 
Repeated avalanches might even double the diameter of the caldera, 
and the debris might be concealed beneath the ejecta of later erup- 
tions. Because of the massive character of the lavas, the angle of 
inclination of the walls would remain steep, the more so as the flows 
dip outward. 


Op. cit., p. 66-73. 
10R. D. M. Verbeek and R. Fennema: Description géologique de Java et Madoera, vol. 1 
(1896) p. 127-135. 


j 


268 HOWEL WILLIAMS—NEWBERRY VOLCANO OF CENTRAL OREGON 


On the floor of the caldera itself there is no clear evidence of fault- 
ing, but near the top of the east wall a remarkable sinuous, gaping 
fissure, traceable for more than a mile, extends almost parallel to the 
rim. In places, the sides of the fissure, about 300 feet high, are covered 
with recent basaltic scoria. Viewed in cross-section, the fissure is 
acutely V-shaped, as if it represents a tension crack, lately opened 
by slumping of the inner block toward the caldera floor. Other fea- 
tures suggestive of faulting are to be found on the north and the south 
sides of the caldera; for instance, the arcuate valleys near the “Dome” 
and northwest of Paulina Lake. Moreover, as the map (Fig. 2) clearly 
shows, there are two lines of cinder cones beyond the north rim and 
parallel to it. These, presumably, lie on concentric fissures. 

Downfaulting, also, seems to be the major cause of the absence of 
a wall on the west side of the amphitheater. If the tuffs exposed at 
Paulina Falls and the overlying andesites correspond, as they prob- 
ably do, to the tuffs and the andesites near the top of the east wall 
of the caldera, the differences in elevation imply faults with a total 
downthrow of at least 300 feet. Probably one of these faults is 
responsible for the sudden change in slope on the shoulder that runs 
southwest from Paulina Peak. 

Although leaving the question of the enlargement of the caldera 
open for discussion, the suggestion is offered that concentric faulting, 
followed by avalanching of the walls, and accompanied perhaps by 
more or less radial faulting, was the prime cause, and that glacial 
erosion played only a minor part. 


RECENT ERUPTIONS ON THE CALDERA FLOOR 


General statement—How deep the caldera was after its enlargement 
is unknown. Perhaps the floor was far deeper than now and was 
gradually raised by the eruption of lava, just as the level of the crater- 
floor of Vesuvius has been rising since the great explosions of 1906. 
The visible cones, domes, and flows may, thus, be merely the final 
products of this process of infilling. However that may be, the floor 
of the Newberry amphitheater is now diversified by many cones, by 
steep-sided domes and blocky flows of obsidian, among which are some 
so barren that they seem to have been poured out only a few centuries 
ago (PI. 27). 

Although none of the features now to be described may exceed 
say 5,000 years in age, the exact order of eruption is a little doubtful. 
From a petrological standpoint, the chief interest lies in the close 
association, both in time and in space, of rhyolitic and basaltic ejecta, 
free from intermediate types. 
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The earliest event was the eruption of rhyolite from a point high 
on the southeast rim, whence the lava flowed down onto the caldera 
floor; the latest event was the outpouring of several flows of blocky 
obsidian. In the interim, there were flows and explosions of basalt 
and rhyolite, chiefly from a north-south line of vents that bisects the 
caldera. Accompanying these explosions, there were parasitic erup- 
tions of basaltic cinders and protrusions of viscous domes of rhyolite 
on the outer flank of the voleano. A discussion of these lateral erup- 
tions is deferred to a later page. Concerning the activity within the 
caldera, it seems best to describe the cones of basaltic cinders and 
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Ficure 5.—Profile sketches of Newberry 


1. View from south-southwest, on highway, four miles south of Lapine. Shows downfaulted 
caldera. 

2. View from northeast, near Evans Well. Shows broad lava shield and parasitic cones. 

3. View from north, summit of Pilot Butte, Bend. Shows abundance of cinder cones. 


tuff and those of rhyolitic pumice-lapilli first, and then to discuss the 
lava flows and protrusions, rather than to attempt a chronological 
account. However, in treating each of these groups, the ejecta will 
be described as nearly as possible in their order of eruption, com- 
mencing with the oldest. 


Basaltic tuff-cones—The oldest pyroclastic deposits on the caldera 
floor are in three denuded tuff-cones. Of these, the youngest lies on 
the north-south fissure, previously mentioned; the others rise on the 
south side of East Lake. 

The two East Lake cones are now so far eroded that scarcely more 
than a quarter of either remains. One remnant projects into the lake. 
Originally, it had a diameter of about a mile and must have extended 
more than half way across the lake. The strong bedding of the tuffs 
is disposed in such a way as to suggest that the vent lies about 200 
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yards west of the East Lake resort. Adjoining this cone, on the south, 
is a second, once of similar dimensions and character, but now repre- 
sented only by its northern quarter. 

Both cones are made up of buff and yellow, well-bedded tuffs crowded 
with lapilli and blocks up to a yard in diameter. The fine matrix 
is composed almost wholly of comminuted basalt, obviously shattered 
fragments of old lava. Juvenile ejecta, erupted while still viscous, 
are extremely rare. This fact, coupled with the absence of any “bread 
crusts” on the blocks, testifies to the low temperature of the explosions. 
Probably, the eruptions were of phreatic type. 

Although most of the larger fragments are of basalt, there are many 
pieces of plutonic rock, both gabbro and diorite, and of variolitic dia- 
base. Noteworthy is the absence of any rhyolitic ejecta. The basaltic 
fragments must have been derived from the concealed lower parts 
of the voleano and, perhaps, also from the underlying “Columbia 
lavas.” The plutonic fragments, on the other hand, represent parts 
of the magma that crystallized at depth, the gabbros being the equiva- 
lents of the basalts, and the diorites being derived from the basic 
margins of the basins from which the rhyolites were erupted. 

Traces of activity are still to be found near these tuff-cones. Many 
hot alkaline springs are found on the lake shore, and around them the 
tuffs have been converted to white, powdery masses of opal, stained 
by sulphur and iron oxides. 

The third, and youngest, of the basaltic tuff-cones lies at the south- 
east corner of Paulina Lake. Its outer slopes, 200 feet high, are still 
fairly well preserved, and a shallow, saucer-like depression marks the 
original crater. Lithologically, the yellow and buff tuffs resemble 
those of the East Lake cones, except that they carry no plutonic 
fragments and are overlain by a veneer of pumice-lapilli from adjacent 
vents. A few of the basalt blocks are veined or partly coated with 
a dense black acid glass (n-1.492), perhaps developed by gas-fusion 
(auto-pneumatolysis), after the fashion suggested by Rittmann™ in 
the case of similar glasses traversing vesuvites at Vesuvius. Finally, 
it should be noted that the cone is bordered on the north by a flow of 
augite-olivine basalt, possibly erupted from the same vent. 

All three cones are primarily the result of low temperature steam 
explosions, such as might result from the crystallization of magma 
at depth or from the heating of groundwaters that percolated down 
toward the magma chambers. 


11 A. Rittmann: Die geologisch Bedingte Evolution und Differentiation des S Vi 
Zeit. fiir Vulkanologie, vol. 15 (1933) p. 8-94; Der Vesuvausbruch im Juni 1929, Zeit. fiir Vulka- 
nologie, vol. 12 (1930) p. 305. 
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Obsidian domes.—Four, steep-sided domes ** lie on the caldera floor. 
The youngest represents the upheaved crater-filling of the vent from 
which the largest of the recent obsidian flows issued; it will be dis- 
cussed later. The two oldest domes form wooded hills on the south 
bank of Paulina Lake (PI. 27). Of these, the smaller, western dome 
is made up of banded obsidian rich in spherulites and lithophysae, the 
flow-planes standing vertically and striking between north and north- 
east. In the larger dome, less spherulitic types of obsidian predominate. 
Here, also, the banding is usually steep and shows a tendency to be 
disposed concentrically with respect to the margins of the mass. 

A third dome lies about a mile south of East Lake, its sides chiefly 
composed of blocky talus, and its top bristling with rugged spines of 
gray, microvesicular obsidian. 

All three domes measure about half a mile in diameter, and are 
from 200 to 300 feet high. None of them rose into earlier pumice- 
craters, as did the fourth, and youngest, dome. They are the result 
of the protrusion of highly viscous lava, and were among the earliest 
features to form on the caldera floor after its enlargement. 

Three other domes of rhyolite are present on the Newberry volcano, 
but as they lie on its outer slope, a discussion of them is deferred, 
pending a general account of the parasitic, lateral eruptions. 


Double cone of basaltic cinders —Extending from a point midway 
along the north shore of Paulina Lake to the top of the caldera wall, 
there is a large cone of red and black basaltic cinders, a mile in diameter. 
On its lower side it is breached and encloses a younger, and much smaller, 
cone, likewise breached on its lower side. These cones, known locally as 
“The Red Slide,” apparently lie on a north-south fissure, which opened 
downward as activity progressed, for the latest outflow was a short 
stream of basalt that escaped from near the base of the younger cone. 

In strong contrast to the basaltic tuff-cones described in an earlier 
section, which consist of triturated old lavas and plutonic fragments, 
these cinder cones are built entirely of clots of scoriaceous basalt, blown 
out in a viscous state. Indeed, some of the bombs and the lapilli were 
still pasty enough to adhere to each other after they had fallen. Judg- 
ing from their degree of erosion, the cones are of about the same age 
as the older rhyolitic pumice cones. 


Cones of rhyolitic pwmice.—A north-south line of white rhyolitic 
pumice cones, passing between the two lakes, almost bisects the caldera. 


12The term, dome, is used to signify a steep-sided protrusion. See Howel Williams: The 
history and characters of volcanic domes, Univ. Calif., Bull. Dept. Geol. Sci., vol. 21 (1932) 
p. 51-146. 
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The oldest cone rises at the northern, and the youngest at the southern, 
end of the line. Although the two southern cones have been partly 
demolished by flows of obsidian, the others are in a state of almost per- 
fect preservation, and one may well doubt if any of them dates back 
much more than a thousand years. 

The oldest, and most heavily timbered, cone stands close to the 
northern wall of the caldera. It rises about 300 feet and contains a 
bowl-shaped crater, 100 feet deep. Except for pieces of old rhyolite 
and basalt similar to those exposed in the adjacent caldera wall, and 
doubtless erupted during the opening of the vent, the cone is made up 
of pale gray and white pumice fragments, up to a foot in diameter. 
No lava escaped from this vent, the stream of obsidian, which sweeps 
round the east and the south sides, having issued from neighboring 
fissures. 

By far the largest of the pumice cones is that which occupies most 
of the neck between the two lakes, close to the center of the caldera. 
Across the base, it measures almost a mile, and its height approximates 
700 feet. At the summit there is a steep-walled crater, about 250 feet 
deep, the rim of which is notched along a line bisecting the crater and 
trending N.20°W., nearly parallel to the line of cones. 

Gray and buff pumice-lapilli form the bulk of the cone, although 
fragments of old lava are found, and there are plentiful chips of obsi- 
dian due to the shattering of interbedded flows. Clearly, the growth of 
the cone proceeded by an alternation of explosive eruption and quiet 
extrusion, the former predominating. Some of the interbedded obsi- 
dians are to be seen both inside the crater and on the flanks of the 
cone. The oldest escaped from a point below the notch on the south 
rim, but was too viscous to extend far out onto the flats below. Two 
younger flows are exposed on the north wall of the crater; each has a 
thickness of about ten feet, is intensely auto-brecciated, and is vari- 
colored in shades of red, brown, gray, and black. 

The conclusion of activity at this vent was characterized by the 
rise of a small, blocky dome of obsidian in the middle of the crater- 
floor. 

A short distance south of the inter-lake road lie the remains of a third 
pumice cone, the south wall of which has been buried beneath a great 
flow of obsidian. From the curve of the exposed rim, it can be esti- 
mated that the diameter is approximately half a mile, although the 
depth of the crater is only about 120 feet. In the deep moat sepa- 
rating the high blocky front of the obsidian flow from the crater wall, 
several crescentic pools dwindle or disappear in the summer months, 
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revealing floors of white, solfatarised muds that smell strongly of 
sulphuretted hydrogen. 

The youngest pumice cone lies close to the south wall of the caldera, 
at an elevation of 7,100 feet. Only its eastern rim remains, for the 
bulk of the cone lies beneath masses of obsidian erupted from the same 
vent. Russell estimated the diameter of the original cone to be between 
1,500 and 2,000 feet. Pumiceous lapilli and chips of obsidian are almost 
the only ejecta, the admixture of old lithic fragments being small. 
Great quantities of pumice and dust were scattered from this source, 
spreading far beyond the limits of the cone. For example, the pumice 
plain to the east is the result of the infilling of an arcuate fault-valley 
by the products of this vent. Following these violent explosions of 
gas-rich magma, obsidian flows issued for a time, and the activity closed 
with the rise of a steep dome into the crater as the lava became in- 
creasingly viscous. These later events are described elsewhere in this 


paper. 

Dispersal of pumiceous ejecta outside the caldera—By far the 
greater part of the pumice erupted from the four cones just men- 
tioned fell back within the caldera; nevertheless, large volumes 
escaped beyond the rim to fall on the outer slope of the volcano. In- 
deed, so thick is the pumice in certain parts that basaltic cinder cones 
are practically concealed beneath it. A striking instance of this is 
the so-called Pumice Butte, on the east slope of the volcano, for this 
is, in reality, a cone of red basaltic cinders, draped with a white sheet 
of pumice. In other cinder cones, such as “The Dome,” the sides fac- 
ing the caldera are mantled with pumice, and the lee sides are bare. 

In general, the cover of pumice is thickest on the southeast slope of 
the voleano. One cause of this may be that the prevalent winds at 
the time of explosion were from the northwest. Equally important, 
however, is the fact that there were other sources of pumice than those 
within the caldera; viz., China Hat and East Butte, two large cones, 
a short distance from the east base of the voleano. Some of the basal- 
tic cinder cones, such as the Devil’s Horn, continued to erupt after 
the explosions of pumice had ended. 

On the west slope of the volcano, deep cuttings expose about 10 feet 
of basaltic cinders, admixed, chiefly near the surface, with cream-colored 
pieces of pumice. In the “Sand Flats,” south and southwest of the 
volcano, pumiceous lapilli are widespread and of considerable thick- 
ness, but they are of doubtful origin. Perhaps they represent the north- 
ern fringe of that enormous sheet of pumice which extends south as far 
as the Klamath Marshes, possibly the product of unusually violent 
eruptions from the Crater Lake volcano. 
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Obsidian flows.—The earliest of the rhyolitic flows to be poured out 
after the enlargement of the caldera issued from a fissure close to the 
north rim, whence it ran down to the floor, following a deep, V-shaped 
canyon for about a mile, and ending in a bold line of cliffs on the shore of 
East Lake. Lithologically, there is wide variation in the flow, but in gen- 
eral its lower parts consist of platy, pale gray rhyolite; the upper parts 
are streaked in gray and black, are glassier, and are crowded with large 
pink spherulites. The thickness of the flow in these cliffs is approxi- 
mately 250 feet. 

A much younger flow of obsidian occupies part of the neck of land 
dividing the two lakes, and extends between the two northernmost 
pumice cones. The fissures from which this lava was erupted lie at 
the foot of the north wall of the caldera. Apparently, the magma rose 
to the surface without any explosive eruption of pumice, probably as 
a sluggish stream beneath a solid, fractured crust. For a short dis- 
tance it moved southward, but soon it parted into two branches that 
poured down opposite sides of the inter-lake ridge, one branch entering 
East Lake (Pl. 29, fig. 2) and the other, Paulina. Much of the obsi- 
dian is of the massive, black type, although gray varieties, both mas- 
sive and highly pumiceous, are far from rare. Careful search reveals 
sporadic, small xenoliths of older rhyolite and basalt, apparently un- 
modified and sharply bordered. The surface of the flow is extremely 
rugged, and is diversified by ridges of angular blocks. Part of it is 
almost bare of vegetation, but the remainder supports a fairly thick 
growth. It must not be supposed, however, that this indicates two dis- 
tinct flows; it seems rather to reflect the varying ease with which trees 
are able to gain a roothold in different parts of the flow, depending 
on the nature of the obsidian and its patchy cover of pumice. 

By far the largest of the obsidian flows, and the youngest, lies to the 
south of the inter-lake road, and covers almost exactly a square mile. 
Composed, for the greater part, of glistening, black obsidian blocks, 
and being almost entirely devoid of vegetation, save near its source, it 
forms an outstanding feature of the landscape. 

The vent of this “Big Obsidian Flow” lies close to the steep south 
wall of the caldera, and is now occupied by a dome partly enclosed by 
an earlier cone of pumice. From this vent, at an elevation of about 
7,100 feet, the lava poured northward for more than a mile, down a 
slope with an average gradient of approximately one in seven, and ter- 
minated in an abrupt front, up to 100 feet in height. As it approached 
the bottom of this long slope, the flow encountered a pumice cone. 
For a time this obstruction served to deflect the obsidian westward, 
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FicurE 1. AvuTO-BRECCIATED MARGIN OF “BiG OBsIDIAN FLow”’ 
Blocks of vari-colored obsidian in a gray pumiceous matrix. 


Figure 2. PLuG-DOME OF PUMICEOUS OBSIDIAN 
Occupying the vent from which the ‘‘Big Obsidian Flow’”’ was erupted. Note concentric 
blocky ridges of the latter, craggy top of dome, part of a pumicecone ontheright. Paulina 
Lake and the north wall of the caldera in the distance. 
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Ficure 1. Brack Pumiceous OssIDIAN ADMIXED 
witH Reppisu Basattic Scorta 
The minute white specks in the obsidian are in reality bright red spots of dendritic 
hematite. Natural size. Photographed through red filter, by F. Frederick. 
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Figure 2. Norrn WALL or CALpera at East LAKE 
Face of inter-lake obsidian flow, left. Fissure (to right of snow) from which basaltic scoria have 
been erupted. Near the base of the fissure the scoria are admixed with fragments of obsidian. 


OBSIDIAN-SCORIA MIXTURE AND ITS SOURCE 


| 
y ¢ 
é 
© 
on 


PL. 


HISTORY OF THE VOLCANO 275 


but as the lava piled higher it was able to overwhelm the south rim 
of the cone and to tumble down its inner slope onto the crater floor. 

The surface of this great flow is traversed by large blocky ridges 
and deep furrows. Viewed from such a vantage point as the Lookout 
Station on Paulina Peak, the ridges appear as concentric waves almost 
encircling the vent like a race-track, but farther down the slope, they 
are disposed in a series of arcs, concave toward the source, or as irreg- 
ular lines, more or less parallel to the main direction of movement, 
resembling waves in a narrow gulf (PI. 27). 

The distal end of the flow is composed of black, massive lava, but 
at higher elevations this type is intimately admixed with pale gray 
varieties, both massive and pumiceous, as if the outwelling waves of 
magma had been extremely variable both in temperature and in con- 
tent of gas. Along the upper edge of the flow, close to the dome, much 
of the obsidian is autobrecciated, angular blocks of dull gray, black, 
and red obsidian lying in a pumiceous gray matrix (Pl. 28, fig. 1). 

Following the extrusion of the flow, viscous magma rose into the 
crater, forming a steep-sided dome. On all except the north side, this 
protrusion rises to a height of about 150 feet above the encircling field 
of obsidian (Pl. 28, fig. 2). Its basal diameter is approximately half 
a mile. The upper surface is littered with piles of angular blocks, and 
the sides are draped with long aprons of coarse talus. Rising through 
this blocky cover are many miniature spines, up to 20 feet in height, 
the sides of which are locally striated or even polished, from move- 
ments of the solid crust during emplacement. Here, as in many other 
domes, the joints are lined with red iron oxides and films of sulphur. 

Russell erred in supposing the dome to be formed of “granular andes- 
ite.” It is of a pale gray, microvesicular rhyolitic obsidian, and car- 
ries a few coarsely crystalline inclusions (autoliths) up to six inches 
long, presumably fragments torn from the sides of the magma reser- 
voir. The water content of this pumiceous obsidian is low, and does 
not differ much from that of the massive, black obsidian of the inter- 
lake flow (Analyses 10 and 11, page 295). 

In origin, the dome presumably resembles Mont Pelée and Santa 
Maria, Guatemala, the viscous lava rising slowly under a fissured, 
blocky carapace. Possibly the protrusion was accompanied or fol- 
lowed by mild explosions of lapilli and dust, similar to the “coronet 
explosions” witnessed by Washington ** during the 1925 rise of the 
dome of Fouqué Kaméni at Santorini. 

Finally, mention must be made of the field of blocky obsidian, 
which descends from concealed fissures near the south wall of the 


13H. S. Washington: Santorini eruption of 1925, Geol. Soc. Am., Bull., vol. 37 (1926) p. 349-384. 
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caldera almost to the East Lake resort, a distance of half a mile. 
Pumice is lightly sprinkled over the surface, and a thin growth of trees 
is present here and there. Even though this lava is slightly older than 
the “Big Obsidian Flow,” it does not seem likely that it was erupted 
more than 300 or 400 years ago. 


Basalt and obsidian fissure eruption.—The last of the eruptions within 
the caldera was either that of the “Big Obsidian Flow” or that now to be 
described. Perhaps no feature of the volcano invites the geologist’s 
attention more than the fissure, bordered by red and black basaltic 
scoria, which cuts the steep wall of the caldera for a height of 700 feet 
near the northwest corner of East Lake. 

In section, the fissure is V-shaped, approximately 100 yards wide 
at the bottom, but quickly narrowing upward. The walls and the im- 
mediate environs are covered with bombs and lapilli of scoriaceous 
basalt, largely welded together to form an agglutinate, interbedded with 
three or four flows of basalt, each less than a yard in thickness. None 
of these ejecta spreads more than about 50 yards on either side of the 
fissure. 

Particularly interesting are the foreign fragments admixed with the 
basalt. Up to a level about 400 feet above the lake, the old lavas of 
the caldera wall are platy, pale gray rhyolites; above that level are 
dense black basalts. These two types of lava are found, at their ap- 
propriate horizons, as inclusions in the recent ejecta from the fissure. 
Near the lake edge, however, the recent scoria are crowded with frag- 
ments of black obsidian, different from any of the old lavas exposed in 
the adjacent wall. Few pieces are more than a foot in length, and except 
for rare massive, platy and spherulitic types, all are composed of 
coarsely vesicular, glistening black obsidian, relieved by a light sprin- 
kling of porphyritic feldspar. So large are many of the vesicles and so 
thin the dividing walls of glass, that some fragments might well be 
said to resemble thread lace reticulite. An arresting feature is the 
abundance of ovoid and spherical, bright red spots of dendritic hema- 
tite, mostly between one and two millimeters in diameter. With these, 
and hardly distinguishable if minute, are fragments of red basaltic 
scoria that vary in size from microscopic dimensions to an inch or more 
(Pl. 29, fig. 1). The edges of the obsidian fragments are usually 
rounded, indicating either that the basalt was sufficiently hot to render 
the obsidian partly viscous or that it was already in that condition 
when incorporated. 

The question of the origin of these obsidian fragments is unusually 
interesting. Are they remnants of a recent flow which just failed to 
reach the surface and was then disrupted by the upwelling of the basalt 
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into the fissure; or, assuming, as one must, that the caldera floor is 
underlain by many magma pockets, some of rhyolite and others of 
basalt, is it possible that both acid and basic magmas rose into the fis- 
sure simultaneously and remained immiscible because they were too 
cool; or, finally, was the obsidian intruded into the basaltic scoria 
after they had solidified? From the random scattering of the obsidian 
fragments in the scoria, one is first led to suppose that the basalt invaded 
and broke up an earlier mass of obsidian, rendering the fragments vis- 
cous on the edges and frothing them to pumice. A closer inspection 
shows this to be a false impression. In places, a tracery of obsidian 
veins cuts the basaltic scoria; elsewhere, the obsidian is seen to have 
pulled away from the basalt, leaving trailing threads; and, again, min- 
ute specks of basalt are peppered on the surfaces of the obsidian as if 
they had been borne along like solid scum on the moving glass. But 
if the obsidian intruded the basalt, it will be asked why the obsidian 
occurs in discrete masses, some almost wholly surrounded by basalt. 
No other reply seems adequate than that the obsidian, having frothed 
into the loose scoria, was itself shattered by expansion and by repeated 
avalanches. It must be supposed that not far beneath the surface the 
obsidian is present as a massive, branching dike, cutting the basalt. 
Further evidence supporting this view of the intrusive character of 
the obsidian is offered in the section, headed “Contact relations be- 
tween basalt and obsidian in the East Lake fissure.” Whether or not 
this interpretation be accepted, the interesting fact remains that ex- 
tremely acid and extremely basic lavas rose recently, and within a short 
space of time, into the same fissure. 


ERUPTIONS ON THE OUTER FLANK OF THE VOLCANO 


General statement.—By analogy with the history of other large shield 
volcanoes, it may be assumed that much of the basalt which forms the 
lower flanks of the Newberry shield escaped, not from the summit- 
caldera, but from lateral fissures. Most of these vents are now obscured 
by the products of recent pyroclastic explosions, but there are many ex- 
tensive flows of basalt, erupted within the past thousand years, whose 
sources are still clearly visible. In addition to these fissure-eruptions of 
basalt, there is an unusually large number of parasitic cinder cones on 
the flanks of the Newberry shield. These, and the three domes of rhyo- 
lite associated with them, are the products of the waning stages of ac- 
tivity and are, in general, contemporaneous with the intra-caldera erup- 
tions described in the previous section. For purposes of clarity, it 
seems best to discuss the parasitic domes of rhyolite first, then the cinder 
cones, and finally the fissure-eruptions of basalt, although it should be 
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borne in mind that the order of discussion is only in part a chronological 
one. 


Parasitic domes of rhyolite—Halfway down the western slope of the 
volcano are three hills of rhyolite, each about half a mile in diameter, 
which lie on an east-west line. The easternmost of these three masses 
is inconspicuous, but the other two masses, and especially the western- 
most, McKay Butte, stand out prominently as more or less conical hills 
about 500 feet in height. Of the three, only the central mass reveals any 
definite structure, the others appearing to be homogeneous domes. It is 
clear, however, that all three represent viscous craterless protrusions. 
That they are among the oldest of the parasitic forms on the flank of the 
volcano is apparent from their degree of erosion and from their thick 
cover of cinders and pumice. 

McKay Butte is so heavily mantled by recent ejecta that exposures 
are restricted to the summit region and to shallow road-cuts, revealing 
massive and spherulitic, pale gray and cream-tinted rhyolite almost 
devoid of banding. The eastern hill is composed of more platy and 
pumiceous rhyolite, although the few exposures are quite inadequate 
to reveal the general attitude of the flow-planes. In the central hill, 
however, the signs of protrusion are clear, a steep-sided sheath of pumi- 
ceous rhyolite encircling a zone of platy lava, which, in turn, surrounds 
a core of massive and spherulitic rocks. 


Parasitic cinder cones——The Newberry volcano rivals even Mauna 
Kea and Mount Etna in the abundance of its parasitic cinder cones. 
Within the area depicted on the map (Fig. 2) more than 150 cones can be 
counted. All except a few are confined to the north and the south slopes 
of the shield, those to the south showing a tendency to be alined in two 
‘directions, one slightly east and the other slightly west of north; those 
to the north are either arranged in lines concentric with the caldera rim 
or, at lower elevations, radially. At most large volcanoes the closing 
stages of activity are characterized by the explosion of frothy, gas- 
rich magmas, sometimes from the summit-craters and at other times 
from parasitic vents on the flanks. Assuredly, the Newberry volcano 
is an excellent illustration of this rule. 

With few exceptions, the Newberry cinder cones are well preserved. 
For this there are two explanations: first, their recency, and second, 
their extremely porous nature. No good purpose would be served by 
enumerating the characters of each individual cone. Most of them 
range between 200 and 400 feet in height, although a few reach a height 
of about 500 feet. In general, they have diameters of between a third 
and a quarter of a mile, although the largest slightly exceed half a mile. 
Some cones are devoid of a summit-crater, but the majority have shal- 
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low, saucer-like depressions; the remainder, including, for example, 
Lava Top and Kawak buttes, exhibit almost vertical-sided craters, 
between 200 and 300 feet deep. One cone, Klawhop Butte, has a double 
crater. Usually, the crater walls have been deeply breached by the cul- 
minating explosions. All are composed of scoriaceous bombs, lapilli 
and cinders of basaltic character, varying in shades of red and brown 
to black. Many of the larger bombs are more than a foot in length, 
and include examples that are spiral, uni- and bi-polar. They were 
viscous enough to have their forms modified as they rotated in the air, 
and some were sufficiently viscous, even after they fell, to adhere to 
adjacent fragments, and thus produce agglutinates (Schweisschlacken). 
Dikes are conspicuously absent, but in a few cones—e. g., Lava Top 
Butte—the crater walls are largely made up of basaltic flows. It must 
not be supposed that each of these cones was the product of a single 
period of explosion; in certain of them, lava escaped in great floods 
from fissures at the base after the main period of cinder eruption; in 
others, such as Mokst Butte, there seems to have been an alternation 
of effusive and explosive activity. 

Exceptionally, cinders were erupted from elongated fissures, so that 
instead of forming cones they built long ridges—e. g., the Devil’s 
Horn—or accumulated on the sides of the opening in irregular piles— 
e. g., along the arcuate fissure near the top of the east wall of the 
caldera. 

Even the most denuded of these cinder cones are probably no more 
than a few thousands of years old, and the youngest may date back 
no more than 400 or 500 years. There is no regular distribution of the 
cones according to their order of formation. Most of them were active 
at the same time as the cones within the caldera, but several on the 
east slope of the voleano—viz., The Dome, Red Hill, Sand, Weasel, and 
Pumice buttes—are partly covered by rhyolitic pumice from the 
caldera vents. 


Recent basalts——On the outer flanks of the Newberry volcano are 
many flows of basalt which are comparatively recent. The latest were 
erupted after the formation of the parasitic cinder cones, and are chiefly 
localised on the northwest flank of the shield. Almost all of them burst 
out from vents at the bases of the cinder cones, soon after the pyroclastic 
explosions had ceased; others rose from fissures not far removed from 
cones. The flow from Mokst Butte poured for a distance of six miles 
down the side of the shield, maintaining an average width of more than a 
mileandanaveragethicknessofabout50feet. Anotherflowissued froma 
point near Kawak Butte, on the steep north slope of the shield, and as 
it cascaded down it swept around cinder cones and islands (kipukas) 


; 


280 HOWEL WILLIAMS—NEWBERRY VOLCANO OF CENTRAL OREGON 


of old lava in its path. These wide black fields of lava, almost barren 
of vegetation, present a striking spectacle. Their surfaces are entirely 
made up of large angular blocks, both massive and clinkery, beneath 
which the lava is dense and unbroken. They are of the type of flow 
which Finch * has recently termed “block lava.” Ropy (pahoehoe) 
and arborescent (aa) surfaces are nowhere to be seen. 

Probably all of these post-cinder flows are less than 1,000 years old. 
One of the trees growing on the margin of the lava, about two miles 
southeast of Sugar Pine Butte, has 300 annual rings, and it is likely 
that the flow itself is not much older. 

Many of the pre-cinder flows of basalt—e. g., north of McKay Butte, 
at Lava Pass, three miles south of China Hat, and near the Devil’s 
Horn—although thinly timbered, still exhibit steep, blocky fronts and 
a hummocky surface only slightly modified by weathering. The age 
of these flows is, at most, about 1,000 years. Intermediate between 
these and the flows which have lost all individuality are many others. 

Finally, in the flats at the southeast base of the volcano are many 
recent flows of basalt, characterised not by blockiness but by smooth 
crusts. There are lava tubes in these flows, and crowds of lava blisters 
(tumuli or Schollendome) dot the surface. These basalts are pre-cinder 
in age, and the preservation of the blisters and other surface features is 
so nearly perfect that they cannot be more than a few thousand years 
old. The fissures from which they rose are now entirely conceaied. 
Escaping, as they did, from points at the base of the volcano, they are, 
in general, much less vesicular and scoriaceous than the basalts erupted 
at higher levels. 

PETROGRAPHY 
GENERAL STATEMENT 


This paper, instead of taking the lavas in the order of their erup- 
tion, will discuss the rhyolites, the andesites, and the basalts, sepa- 
rately. The fragments of plutonic rock will then be described, and 
in conclusion a summary will be made of the magmatic history and 
the chemical characters of the volcano as a whole. It must be urged 
again, even at the cost of repetition, that from the petrologist’s point 
of view, the leading feature of the Newberry volcano is the intimate 
relation, in both time and place, of rhyolites and basalts and the un- 
usual paucity of intermediate magmas, a feature in marked contrast 
with the great outpourings of andesite in the adjacent volcanoes of 
the High Cascades. 


“R. H. Finch: Block lava, Jour. Geol., vol. 41 (1933) p. 769-770. 


| 
E 
4 
= 
= 
a 


PETROGRAPHY 281 


RHYOLITES 


Early rhyolites in the caldera walls—The platy, bluish gray, porphy- 
ritic rhyolites which crop out at the foot of the north wall of the caldera 
have been converted locally by fumarolic action into masses of opal 
and/or kaolin. Where fresh, they consist of a dense trachytoid felt of 
tiny slender oligoclase laths, associated with dusty iron ore and irre- 
solvable microlites in a subsidiary matrix of colorless glass. A few minute 
prisms of pale green augite and hypersthene are the only ferromagnesian 
minerals. Broken chips of porphyritic feldspar, ranging in size up to 0.5 
millimeter and in composition from basic albite to acid andesine, consti- 
tute about two percent of the whole. Irregularstreaks of opal andtridymite, 
bordered by limonite, serve toaccentuatethebanding. Althoughnoanaly- 
sis has been made of any of these early rhyolites, it may be assumed 
that they correspond closely to the later flows of platy rhyolite on the 
opposite wall of the caldera (Analysis No. 8). 


Paulina Peak rhyolites—Among the earliest of the Paulina Peak 
flows are lavas similar to those just described. These, also, have been 
subjected to fumarolic action at a few places, where their joint faces 
are lined with specularite, and tridymite is abundant. A typical speci- 
men of the fresh lava, selected for analysis (No. 8), carries phenocrysts 
of feldspar (fifteen per cent) up to a centimeter in length. Only the 
larger of these feldspars exhibit zoning, from acid to medium andesine. 
Approximately seventy per cent is made up of oligoclase microliths, per- 
haps attended by sanidine; interstitial pale brown glass comprises only 
about ten per cent. Augite and hypersthene (two per cent) occur in 
granules up to 0.5 millimeter long, occasionally in parallel intergrowth, 
the former predominating. Accessory apatite and iron ores make up 
the remainder. 

In some of the lower flows of this series, the interstitial glass is devit- 
rified to cryptofelsite. Among other local peculiarities, record should 
be made of one specimen, containing a singe prism of basaltic horn- 
blende, 0.25 millimeter long, with an ex-solution rim of magnetite; and 
of another specimen from the caldera rim south of East Lake, carrying 
iron-rich hypersthene (2V = 65°) in excess over augite, and further 
characterized by more basic feldspar—viz., andesine to acid labradorite. 

In the Paulina cliffs, these platy flows are repeated at several higher 
horizons, where they are interbedded with a wide variety of other rhyo- 
lites, including dull pitchstones, coarsely spherulitic types, and some, 
rich in lithophysae. The pitchstones have a cryptofelsitic base, relieved 
by microliths of oligoclase and a few of pyroxene, and contain winding 
strings of opal and tridymite, associated locally with minute flakes of 
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a pale brown mica. Augite and hypersthene are present in equal 
amounts, together constituting less than one per cent, whereas, por- 
phyritic feldspar (Ab,,An,,) comprises five per cent. 

The banded, bluish gray rhyolite from the summit of Paulina Peak 
is illustrated in Plate 30, B and Analysis No. 9. Ninety per cent of 
this specimen consists of colorless glass crowded with oligoclase and 
rare pyroxene microliths; nine per cent, of basic oligoclase and acid 
andesine as angular or sub-rounded chips showing oscillatory zoning, 
and the remainder, of granular ores with occasional minute prisms of 
bright green augite. In all the glasses examined, the refractive indices 
vary little, about 1.492. 


Valley flow of rhyolite ——The flow of rhyolite which poured down onto 
the caldera floor from near the rim north of East Lake contains all the 
varieties found in the Paulina cliffs. Toward the base, the lava is de- 
void of spherulites and is pale gray and platy, but above it is a dense 
black obsidian with many fibrous, positive spherulites up to about four 
inches in diameter. Large phenocrysts of plagioclase (Ab,, to Ab,,) 
make up approximately five per cent of an average specimen, but ferro- 
magnesian minerals are restricted to rare and minute prisms of hyper- 
sthene. In the platy flows, tridymite is plentiful. 


Rhyolite domes.—Considering first the lava of the two oldest domes— 
those on the south side of Paulina Lake—colorless glass (n = 1.493- 
1.494) constitutes between a quarter and three quarters, and may be 
spherulitic. Microliths of oligoclase and acid andesine, granules of 
pyroxene and magnetite, and, exceptionally, of basaltic hornblende, with 
accessory zircon and apatite, lie dispersed in the glass. Phenocrysts of 
oligoclase (Ab,, to Ab,,) make up between five and ten per cent of the 
normal rhyolite, but in the western dome the porphyritic feldspar may 
be as basic as labradorite. In all specimens, the feldspar is strongly zoned, 
and, commonly, in an oscillatory fashion. Pale green augite (2V—55°) 
and hypersthene are in approximately equal amounts, together compris- 
ing some two per cent. Phenocrysts of basaltic hornblende are ex- 
tremely rare. 

Considering next the rhyolites forming the domes on the west slope 
of the voleano, one finds that the dominant types are cream-tinted 
and aphyric. Under the microscope are seen albite and oligoclase 
microliths in a dense felt (seventy per cent) ; interstitial, colorless glass 
(fifteen per cent); granules of what were formerly pyroxene, now re- 
placed by iron oxides (five per cent); granular magnetite (five per 
cent) and tridymite (five per cent), the latter in irregular streaks. 
Some of these cream-tinted lavas are closely studded with ovoid white 
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spots, about a millimeter across, composed of an outer shell of clear 
microfelsite, devoid of the limonitic stain prevalent in the groundmass, 
enclosing either or both opal and tridymite. The refractive index of 
the tridymite, 1.475 + .002, is intermediate between that found by 
Kuno * for the groundmass and cavity tridymite in certain Japanese 
basalts. Its optic angle is approximately 40° and the dispersion mod- 
erate,r < v. It occurs in the customary wedge-shaped contact twins. 
Rarely are porphyritic facies developed in these western domes; in the 
central of the three domes are flows streaked in gray and black, the 
latter aimost pure glass (n = 1.492) and the former rich in microliths 
and carrying up to four per cent of embayed and zoned phenocrysts of 
oligoclase, with occasional small prisms of hypersthene. 


Recent obsidians on the caldera floor—By far the greater part 
of the rhyolite recently erupted on the floor of the caldera is 
a coal black glass, extremely poor in phenocrysts, and surprisingly 
uniform in refractive index (1.491-1.494). In a few places, this 
black obsidian is irregularly admixed with russet and brown glass, 
due, as Fuller*® has ably demonstrated, “to the oxidation and 
subsequent re-fusion of flow breccias. In banded varieties the oxida- 
tion occurs in minute tensional cracks developed by the differential 
rate of flow between the successive layers of lava.” Elsewhere, the 
obsidian is pale gray and highly vesicular. 

The massive, black obsidian selected for analysis (No. 10) was col- 
lected from near the top of the north wall of the largest of the pumice 
cones, and may be considered representative of the dominant type in 
each flow. The banding is extremely fine, the alternating gray and 
colorless streaks varying from about 0.2 millimeter to almost ultra- 
microscopic width. The colorless streaks are entirely glassy, and the 
gray ones are crowded with belonites, presumably of oligoclase, accom- 
panied by microliths of augite and clouds of irresolvable dust. Pheno- 
crysts are wholly lacking. The refractive index, 1.493-1.494, is much 
lower than that of the interbedded pumice (1.502), which has the 
highest index yet determined for any of the acid glasses of the volcano. 

In the obsidian flow adjacent to this big pumice cone, on the north, 
a few minute, corroded phenocrysts of oligoclase and green augite may 
be detected. These are much more abundant in the obsidian frag- 
ments picked up by the basalt in the recent fissure north of East Lake, 
where they are associated with sporadic microliths of hypersthene. 


18H. Kuno: On silica minerals occurring in the groundmass of Japanese volcanic rocks, Earth- 
quake Research Inst., Bull., vol. 11 (1933) p. 382-390. 

16 R. E. Fuller: The mode of origin of certain varicolored obsidians, Jour. Geol., vol. 35 (1927) 
p. 570-573. 
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The glass in these fragments (n = 1.492) is closely stippled with ac- 
cordion-like microliths and scopulites of ?augite, resembling those of 
the famous Arran pitchstones, and is spotted with dendritic growths 
of hematite. 

Finally, reference should be made to the rhyolite forming the dome 
in the vent of the “Big Obsidian Flow,” south of the lakes (Analysis 
No.11). This is a micro-pumiceous, dirty gray glass (n = 1.493) with 
acicular microliths of oligoclase and ?sanidine. Locally, the glass 
carries irregular streaks of brown iron oxides, many of which include 
round, colorless granules of ?pyroxene, perhaps caused by the complete 
breakdown of basaltic hornblende, corroded fragments of which can 
still be recognized. Probably, the hornblende originates by the dis- 
integration of basic autoliths, of the type to be described in the next 


section. 


Inclusions in the recent obsidians—Among the rare fragments found 
in the recent obsidians, some are of old lavas, accidentally incorporated, 
and others are autoliths derived from the early crystallized margins 
of the magma reservoirs. Accidental inclusions (xenoliths) may be seen 
in the front of the obsidian flow at the northwest corner of East Lake. 
A few are of platy rhyolite, but the majority are of ophitic augite 
diabase and basalt. The absence of extensive reaction rims around the 
xenoliths suggests a low temperature and quick chilling of the obsidian. 

Another type of inclusion, to be found at the same locality, is of dio- 
ritic character and bears a fairly close resemblance to the blocks of 
diorite in the basaltic tuff-cones near the East Lake resort. These 
dioritic autoliths are sharply bordered, subangular pieces up to about 
two inches in length. An approximate estimate of the composition is 
as follows: 

(a) Medium to basic andesine (60 per cent). In eu- and sub-hedral laths 
up to two millimeters long, weakly zoned. Some of the crystals are 
penetrated by stringers of glass, but there is not the widespread, 
spongy resorption and transition into glass, observable in the diorite 
blocks of the East Lake tuff-cones, possibly because the feldspars here 
are, in general, more basic and the obsidian of low temperature. 

(b) Pale green augite (28 per cent). Is found, not as discrete phenocrysts, 
but in bundles of small prisms of common orientation. A few crys- 
tals are fringed with hornblende and pale brown biotite. 

(c) Basaltic hornblende (6 per cent). X—pale yellow; Y—deep brown; 
Z—deep greenish brown. 2V =60°-70°. ZAc=up to 2°. Less 
than one millimeter long and free from ex-solution effects. 

(d) Pale brown to colorless glass (4 per cent). Occupies irregular inter- 
spaces and cracks in the feldspars, but is sharply defined against them. 

(e) Accessory apatite, chiefly as slender needles in the glass, zircon, and 
magnetite (2 per cent). 
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These dioritic inclusions were probably torn from the slightly basic 
margins of the reservoir and conduit from which the obsidian escaped, 
and the absence of resorption effects in the ferromagnesian minerals 
suggests that they were transported from fairly shallow depths. Had 
they come from a deep source, it is likely that many of the minerals, 
particularly the hornbiende and the biotite, would show signs of break- 
down due to the marked change of pressure-temperature conditions con- 
sequent upon eruption. 

In the dome occupying the vent of the “Big Obsidian Flow” are 
sporadic inclusions up to four inches long, readily distinguished by 
their crystallinity. These are hornblendic autoliths, of more or less 
lamprophyric texture (Pl. 30, A). The following is an approximate 
analysis: 

(a) Brownish green hornblende (20 per cent). X—pale yellow; Y and 
Z—deep brown. Z/\c=—up to 8°. 2V =70°-75°; dispersion in- 
tense, r<v. Crystals eu- or sub-hedral, up to 0.5 millimeters long, 
and free from reddening or separation of iron oxides. 

(b) Plagioclase (50 per cent). Laths from 0.3 to 0.5 millimeters long, 
except for rare phenocrysts 1 millimeter in length. Dominantly 
labradorite, but including basic andesine. The larger crystals are 
weakly zoned and may contain inclusions of pyroxene arranged con- 
centrically. No resorption effects. 

(c) Pyroxene (10 per cent). Approximately 8 per cent hypersthene and 
2 per cent augite; the former in slender, well-formed prisms, some 
of which have jackets of augite; the latter in both eu- and sub-hedral 
forms and may be rimmed by hornblende. 

(d) Colorless glass (15 per cent). Slightly vesicular. 

(e) Granular magnetite (5 per cent). 


This type of hornblendic autolith is identical with those which are 
present in great profusion in the dacite domes of Lassen Peak and vicin- 
ity.7 They represent the “dioritic” margins of an acid magma reser- 
voir. 

ANDESITES AND BASALTS 


Pre-Newberry lavas.——The lavas exposed in the fault-block at the 
southeast base of the Newberry volcano are probably the equivalents of 
those upon which the volcano rests. Most of them are coarsely crystal- 
line diabasic basalts with abundant feldspathic inclusions. Others are 
dark grayish purple lavas, studded with conspicuous white feldspars in 
an aphanitic base. These are hypersthene andesitic basalts and resemble 
closely the dominant lavas of several of the High Cascade volcanoes; 
e. g., Mount Shasta. Approximately half of a typical specimen is made 


17 Howel Williams: The dacites of Lassen Peak and vicinity, California, and their basic inclu- 
sions, Am. Jour. Sci., 5th ser., vol. 22 (1931) p. 395-403. 
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up of extremely minute, indeterminable feldspar laths and dusty iron 
oxides lying in a feldspathic residue. In this fine groundmass, are 
scattered phenocrysts of zoned labradorite (forty per cent), slender 
prisms of intensely pleochroic hypersthene (five per cent), granules 
of magnetite (four per cent) and augite (one per cent) (Pl. 30, C). 
Concerning the feldspathic inclusions (which recall many of those 
in the andesites of Mount Shasta), it need only be said that they con- 
sist of labradorite laths up to two millimeters long (seventy per cent), 
intergrown with prisms of hypersthene of smaller dimensions (ten per 
cent) and magnetite (five per cent), the interspaces being occupied 
by brown glass (fourteen per cent) and minute grains of ?analcite. 


Basalts exposed in the caldera walls—The oldest basalts in the 
caldera walls are extremely dense, aphyric lavas, and few of them are 
notably vesicular. In these features they contrast strongly with most 
of the later basalts, from which they are further distinguished by the 
great rarity of olivine and the presence of hypersthene. They are to be 
classed as augite basalts, and must have been erupted before crystallisa- 
tion was far advanced. 

So fine-grained are most of these old basalts that it is difficult to 
identify their constituents, even with the aid of a microscope. Some 
of them are almost wholly composed of an indeterminable substance, 
probably glass, masked by clouds of dusty iron ore, in which lie a few 
chips of labradorite. The specimen chosen for analysis (No. 5), from 
the base of the Paulina cliffs, consists of granular magnetite (thirty 
per cent), indeterminable microliths of plagioclase (fifty per cent) and 
colorless specks of a monoclinic pyroxene. Slightly coarser-grained 
basalts crop out in the lowest crags on the east side of East Lake. In 
these there are microphenocrysts of augite up to 0.5 millimeter in 
length (five per cent), with rare prisms of hypersthene and relic 
granules of olivine (together comprising only one per cent) in a matrix 
of slender, basic labradorite laths, granular augite, magnetite, and inter- 
stitial glass. Finally, the basalts immediately overlying the rhyolites 
in the north wall of the caldera carry a few phenocrysts of labradorite 
and hypersthene, up to 0.5 millimeter in length, in a dense matrix of 
microlithic labradorite, augite, and magnetite. In these flows, augite 
is about five times as abundant as hypersthene, with which it may be 
intergrown in the usual parallel fashion, and appears to be markedly 
ferriferous. 

The eruption of the aphyric basalts was brought to a close by a series 
of pyroclastic explosions, following which, for a comparatively short 
period, andesites were extruded. It may be inferred from this that 
the andesites, the only intermediate lavas in the entire volcano, were 
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differentiated during a long interval of quiescence that afforded time 
for crystal sorting or for assimilation, and was finally closed by the 
violent expansion of the gases which had been accumulating at the top 
of the magma reservoir. This supposition finds some support in the 
fact that the lavas erupted during and after the explosive period, are, 
in general, strongly porphyritic. 

The pyroclastic ejecta are readily divisible into two types: (1) lithic 
tuffs, comprised of comminuted old lavas erupted at low temperatures, 
and (2) scoriaceous tuffs, composed of vesicular basalts blown out in a 
viscous state and admixed with flows of scoriaceous basalt. The latter 
are rich in large crystals of labradorite, hypersthene, augite, and ser- 
pentinised olivine in a base of reddish brown glass. 


Andesites—Andesites have been recognised at only two localities; 
namely, at the outlet of Paulina Lake, where they overlie the tuffs ex- 
posed in the Paulina Falls, and near the top of the east wall of the 
caldera. At the former locality, they are streaky, scoriaceous, black and 
gray lavas, essentially made up of a microvesicular black glass charged 
with microliths and rare phenocrysts of labradorite, occasional prisms of 
hypersthene, and still fewer granules of augite (Analysis No. 7). A 
noteworthy feature of this andesite is the small optic angle of the hyper- 
sthene (60°), indicating approximately equal amounts of the hyper- 
sthene and the enstatite molecules. 

The andesites resting on the tuffs on the east wall of the caldera, in- 
stead of being scoriaceous, are massive, and the phenocrysts are both 
large and numerous. The lowest of these flows carry many xenoliths 
of basalt, doubtless picked up from the underlying tuffs. Chocolate 
brown glass (n = 1.496), streaked with iron ores, constitutes sixty per 
cent of these basal andesites. Partly resorbed phenocrysts of zoned 
plagioclase (andesine to medium labradorite) make up twenty per cent, 
and the remainder includes colorless crystals of olivine (two per cent), 
deep green augite (two per cent), and accessory hypersthene. 

Higher up the caldera wall, the andesites are generally less glassy 
and are correspondingly richer in microlithic feldspar. A typical speci- 
men (Analysis No. 6) carries abundant phenocrysts of zoned plagio- 
clase (Ab,, to Ab,,) up to three millimeters in length (fifty per cent), 
with porphyritic augite, olivine, and hypersthene, in the ratio 2:1:1 
(four per cent), in a matrix of pale brown glass, stippled with a second 
generation of augite, andesine, and magnetite. 

Old basalts on the outer slope of the volcano—The pre-cinder 
basalts forming the flanks of the Newberry volcano may be classed 
as porphyritic augite basalts with accessory olivine. Their high con- 
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tent of phenocrysts separates them sharply from the early basalts 
within the caldera. Although their texture varies widely, they are 
mineralogically fairly uniform, and it will suffice to describe a few 
examples. 
A black, vesicular basalt, exposed about two and one-half miles 

down Paulina Creek, has the following composition: 

(a) Black, magnetite-charged glass (50 per cent). 

(b) Zoned and corroded phenocrysts of labradorite up to 0.5 millimeter 

(3 per cent). 

(c) Acicular and forked microliths of labradorite (35 per cent). 

(d) Granular augite, up to 0.5 millimeter in diameter (11 per cent). 

(e) Colorless olivine and minute prisms of hypersthene (1 per cent). 


Farther down Paulina Creek, at the Double Falls, are flows, differing 
only in the smaller content of glass, larger proportion of microlithic 
feldspar and augite, and slightly coarser grain (Analysis No. 4, and 
Pl. 31, B). Still farther down the western slope of the volcano are 
even coarser basalts, in which the olivine and feldspar crystals attain 
a length of two millimeters, and the pale brown glass is almost entirely 
replaced by an intergrowth of plagioclase, augite, and magnetite. 


Recent basalts and the ejecta of cinder cones.—With few exceptions, 
the youngest basalts, both flows and pyroclastic ejecta, are strongly 
porphyritic, and although they are to be classified with all the earlier 
basalts as augite basalts, they are, in general, much richer in porphy- 
ritic olivine and devoid of hypersthene. 

The specimen chosen for analysis (No. 3) and for illustration (PI. 
31, C) is from a flow on Lava Top Butte, near the northeast base of the 
voleano. This is the most coarsely crystalline basalt examined, but 
is otherwise identical with the recent basalts at the southeast base of 
the voleano. Porphyritic olivine (2V = 90°) attains a length of one 
millimeter and makes up about five per cent of the whole, accompanied 
by phenocrysts of basic labradorite and a few of augite, set in a sub- 
ophitic matrix of the same two minerals, attended by magnetite and a 
little interstitial, dark brown glass. 

As a rule, the pyroclastic ejecta are considerably richer in glass than 
are the flows from the same vents. For instance, some of the scoria- 
ceous ejecta of Kwinnum Butte contain as much as 35 per cent of black, 
magnetite-charged glass. Sixty per cent is composed of plagioclase, 
half of that amount in the form of glass-charged, zoned phenocrysts 
of acid bytownite up to three millimeters in length, and the other half, 
of microlithic labradorite. The remaining five per cent consists of 
subhedral olivine crystals, mostly from 0.1 to 0.5 millimeter long, with 
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rare grains of augite. Generally, the content of olivine diminishes as 
the texture becomes finer. 

Of the recent flows of basalt, that which issued from Lava Butte and 
is now cut through by the Dalles-California Highway, is fairly repre- 
sentative. It is a dark gray, vesicular lava, essentially a dense inter- 
growth of microlithic labradorite, augite, and iron ore, relieved by micro- 
phenocrysts of olivine (Fo,,Fa,,) and plagioclase (Ab,,-,;). An ap- 
proximate estimate gives the following percentages: feldspar, 60; 
augite, 25; magnetite, 13; and olivine, 2. Other recent flows carry up 
to 40 per cent of black glass. 

Finally, the black vesicular basalts in the “Schollendome” country, 
at the southeast base of the volcano, carry abundant phenocrysts of 
olivine (five per cent) and green augite (three per cent). Ground- 
mass augite (20 per cent) is intergrown with magnetite (25 per cent) 
and feldspar laths that range from submicroscopic size up to two milli- 
meters in length and vary in composition between medium and basic 
labradorite. 

Compared with the basalts of Steens Mountain, those of the New- 
berry volcano, especially the earlier flows, are distinctly poorer in 
olivine, and, in general, richer in glass. Diktytaxitic textures, such as 
those described by Fuller ** from Steens Mountain, are absent. Com- 
pared with the basalts of the High Cascade volcanoes, those of the 
Newberry volcano are, again, generally poorer in olivine and also in 
hypersthene, the most characteristic mineral of many of the Cascade 
flows. Broadly speaking, the basalts of the High Cascades carry 
much more abundant phenocrysts of feldspar. 


Contact relations between basalt and obsidian in the East Lake fis- 
sure-—Mention has already been made of the recent basalt, admixed 
with fragments of obsidian, in a fissure on the north wall of the caldera. 
The contact relations of the two lavas merit detailed discussion. 

The basalt is a highly vesicular black glass (seventy per cent), 
opaque with magnetite dust, and carrying abundant acicular and forked 
microliths, together with a few phenocrysts of labradorite and rare 
granules of augite. Contrasted with this, the obsidian, although black 
in hand specimens, appears almost colorless in thin section. In this 
pale glass (n = 1.491 + .001) are minute trichites of untwinned felds- 
par, phenocrysts of acid plagioclase (Ab;o-.)), a few prisms of hyper- 
sthene and augite, and a sprinkling of granular magnetite. 


18 R. E. Fuller: The geomorphology and volcanic sequence of Steens Mountain in 
Oregon, Univ. Washington, Geol. Publ., vol. 3 (1931) p. 116. 
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Where the basalt and the obsidian are in contact, the following rela- 
tions are to be observed: 


(1) A discontinuous zone of pale brown glass, sharply defined against the 
obsidian but merging gradually into the basalt, averaging 0.04 milli- 
meter wide. 

(2) In this zone there are, locally, positive hemi-spherulites of some feld- 
spar, which have grown out toward the obsidian. Elsewhere, the 
brown zone and the adjacent obsidian are crowded with hair-like 
microliths of feldspar of negative elongation, arranged in streams that 
wind in conformity with the sinuous contact. 

(3) By far the most conspicuous feature is the presence of plumose and 
arborescent growths of hematite that spread outward into the obsidian 
(Pl. 31, A). These average about 1 millimeter in diameter. 


The dendritic hematite is not restricted to the contacts; on the con- 
trary, red spots are found in the obsidian a centimeter from the contact 
(Pl. 29, fig.1). Some of these spots have no visible nucleus, but others 
spread from granules of dusty magnetite, apparently the remains of 
basaltic inclusions. 

From the foregoing, it is clear that only a slight amount of reaction 
took place between the acid and the basic lavas. That the obsidian 
was viscous and the basalt already solid when the admixture oc- 
curred, is suggested by a study of the microliths, for only those in the 
obsidian close to the irregular contact run parallel thereto. It is sug- 
gested, also, by experimental studies.1® Specimens of massive, black 
obsidian do not begin to fuse, even on the thinnest edges, until a tem- 
perature of about 1050°C. is reached; after twenty minutes heating at 
1100° C. they are well rounded; and when the temperature is raised to 
about 1200°C. for five minutes, the obsidian begins to turn gray and 
froth to a fine pumice, with spherical vesicles up to a millimeter in 
diameter. These fusion and “explosion” temperatures of the New- 
berry obsidian are unusually high, despite the fact that the lava is not 
especially low in water content. The highest explosion temperature 
obtained on obsidian by Brun *° was 1103°C., on a gas-poor variety 
from Java. K6zu ** found that the Japanese obsidians, with which he 
experimented, expanded gradually up to 600°C., then rapidly between 
600° and 700°, slower between 700° and 900°C., and finally exploded 
into pumice, and this despite the low water content of the specimens 
(from 0.33 to 0.64 per cent H,O). Reverting to the Newberry occur- 


1 The writer is indebted to Professor W. 8. Morley of the College of Mining, University of 
California, for assistance in this connection. Specimens were heated in a coke-wind furnace, 
and the temperatures measured on a Hoskins thermo-electric pyrometer. 

2 A. Brun: Recherches sur l’erhalai lcanique, Paris (1911) p. 36-42. 

8. Kézu: Thermal studies of obsidian, pitchstone and perlite from Japan, Téhoku Imp. Univ., 
Sci. Rep., vol. 3, no. 3 (1929) p. 225-238. 
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rences, one finds that, even if the presence of gases might have caused 
the obsidian to flow at temperatures slightly below 1050°C., the basalt 
at that temperature should have been capable of dissolving the obsidian 
wholesale. Even after five minutes heating at 1100°C., fragments of 
obsidian and basaltic scoria melt completely to produce an almost homo- 
geneous brown glass (n-1.55) speckled with dusty iron ores. 

Finally, if chips of obsidian are heated until fusion commences, and 
fragments of basaltic scoria are then introduced and allowed to remain 
for about five minutes before the crucible is removed, partial solution 
of the basalt takes place, and a thin zone of brown glass develops at 
the contact with the obsidian, precisely as in the natural occurrences. 
Moreover, under these artificial conditions, irregular patches of hema- 
tite are formed in the hybrid glass. Here, however, the hematite is 
much less abundant than the dendritic hematite produced naturally, 
perhaps because the latter grew under the influence of more water vapor 
and other oxidizing volatiles. 


PLUTONIC EJECTA 


Augite diorite fragments —Fragments of plutonic rock are restricted 
to the inclusions among the recent obsidians, already discussed, and to 
the ejecta of the two lithic tuff-cones on the south side of East Lake. 
Among the latter are two radically different types, one gabbroid and the 
other dioritic. These, as previously suggested, were torn from the basic 
margins of reservoirs and conduits from which the basalts and the rhyo- 
lites were erupted. 

The pale gray dioritic lapilli and blocks are rare by comparison with 
the gabbroid. Although they vary considerably in the proportions 
of their constituents, an average specimen has this content: 65 per cent 
feldspar; 20 per cent, glass; 13 per cent, pyroxene and accessory horn- 
blende; and 2 per cent, magnetite. 

The feldspar crystals are squarish or lath-shaped, and most of them 
range from 0.5 millimeter to one millimeter in length. Strong zona- 
tion is characteristic, the cores being of basic andesine and the rims of 
albite, although discrete crystals of these varieties may also be found. 
Some of the feldspars carry inclusions of pyroxene, and almost all are 
more or less embayed by glass. Especially marked is the solution of 
the more acid feldspars, many of which are now represented only by 
spongy relics that merge indefinitely into glass (Pl. 32, C). Among 
the more basic phenocrysts, on the contrary, solution is restricted to 
the acid rims. 

The interstitial glass (n = 1.50) is colorless and crowded with slender 
needles of apatite. Apparently, the transformation of the feldspar into 
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glass is not merely the result of re-heating, for, if such were the case, 
some of the ferromagnesian minerals would probably show strong signs 
of solution. It is to be attributed in part to the influence of volatiles 
rich in phosphorus, whereby the salic minerals were rendered soluble. 
The process may be compared with the pneumatolytic fusion observed 
by Rittmann ** among the lavas of Vesuvius. 

Of the pyroxenes, green augite far exceeds hypersthene. It is devel- 
oped, not in large phenocrysts, but in bundles of granules and stumpy 
prisms of common orientation. To judge from its large extinction 
angle, it is rich in iron, and, indeed, carries many inclusions of mag- 
netite, possibly the result of breakdown following the change of equili- 
brium conditions as the fragments were borne to the surface. The 
crystallization period of the augite overlapped that of the feldspars. 
Basaltic hornblende is extremely rare and has resorption rims of iron 
ore. 

Although no analysis has been made of any of these dioritic ejecta, 
probably they are considerably more basic than the obsidians, and in 
particular are richer in iron and magnesia. 


Gabbroid fragments.—Two types of gabbroid fragments may be dis- 
tinguished; one, of coarse gabbroid texture but with abundant inter- 
stitial glass, and the other, a holocrystalline, ophitic type. Both types 
have been found, however, in a single fragment. 

An average analysis of the coarse type shows the following percent- 
ages: olivine, 30; augite, 20; plagioclase, 40; glass, 7; and magnetite, 3. 
The olivine, although pale green in hand specimens, is colorless in thin 
section. It is negative and has moderate dispersion, r > v; a = 1.671; 
8B = 1.699; y = 1.710. It appears to be approximately Fo,,Fa,,. 
Most of the grains are round, measuring between 0.1 and 0.2 millimeter 
in diameter, with a few reaching a length of 1 millimeter. Although 
the majority of the crystals separated before the feldspars, the later 
ones formed simultaneously. 

The augite retains a deep green color even in thin section and has 
the following optical properties: 8 = 1.698; birefringence = .030; 
Zac = 51°; 2V = 70°; faintly pleochroic in shades of bluish to 
yellowish green. Judging from the analysis of the gabbro (No. 2), 
and assuming that the feldspar weighs a third of the total, one finds 
that the augite contains about eight per cent of CaO and a small amount 
of alumina. The optical data suggest a fairly high content of iron. 

The plagioclase forms broad laths, mostly from one to two milli- 
meters long, and is dominantly basic labradorite. Magnetite is found 


2 A. Rittmann: ibid. 
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as irregular grains, scattered haphazard throughout. The interstitial 
glass (n = 1.52) is brownish black and generally shows sharp contacts 
against all the minerals cited. In one fragment, however, the olivine 
crystals are deeply embayed by glass, which carries minute microliths 
of feldspar, and thus resembles many of the basaltic flows in appear- 
ance. 

In the diabasic fragments, the texture is much finer. The feldspars 
vary between 0.1 and 0.5 millimeter and carry trains of olivine gran- 
ules, arranged along the cleavage planes. The augite may attain 
lengths of slightly more than one millimeter and wraps around the 
labradorite in ophitic fashion. Both hypersthene and hornblende are 
absent from these basic ejecta. 


SUMMARY OF MAGMATIC HISTORY 


The following notes are a résumé of the petrographic characters and 
the sequence of ejecta of the Newberry volcano. After the main shield 
had been built to a height of about 2,000 feet above the platform of 
“Columbia lavas” by the outpouring of pyroxene basalts, the earliest 
of the visible flows were erupted. These are weakly porphyritic and 
glassy rhyolites carrying a few minute crystals of augite and hyper- 
sthene and abundant tridymite. They were succeeded by dense, 
aphyric flows of augite basalt, extremely poor in olivine and hyper- 
sthene. The first violent pyroclastic explosions then took place, erupt- 
ing both lithic tuffs composed of fragments of the older lavas, and 
scoriaceous, porphyritic basalts rich in large phenocrysts of labra- 
dorite, hypersthene, augite, and olivine. Above these follow the only 
andesites yet recognized in the volcano. One type of andesite is 
almost wholly composed of scoriaceous, black glass, in which lie rare 
phenocrysts of labradorite and still fewer prisms of hypersthene and 
augite; the other type, although also rich in glass, is plentifully charged 
with large phenocrysts of labradorite, olivine, augite, and accessory 
hypersthene. Subsequently, flows of porphyritic augite basalt escaped 
over the north and the east rims of the caldera, whereas flows of glassy 
rhyolite, most of them containing a few phenocrysts of acid plagio- 
clase, augite, and hypersthene, escaped over the south rim and piled 
up to a thickness of about 1,000 feet. This concluded the formation of 
the main shield. 

The later history of the volcano is concerned with the eruptions 
on the floor of the caldera and the parasitic outbursts on the flank of 
the shield. These were more or less simultaneous, but the caldera 
eruptions will be considered first. They began with flows of glassy 
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rhyolite, and were followed by the protrusion of several domes of 
rhyolitic obsidian bearing sporadic phenocrysts of acid plagioclase, 
pyroxene, and accessory basaltic hornblende. About the same time, 
three large cones of basaltic lithic tuff were formed, in two of which 
lie lapilli and blocks of gabbro and diorite, and small flows of augite- 
olivine basalt were erupted. The concluding stages of activity within 
the caldera were marked by the explosion of cinders of augite basalt, 
carrying accessory olivine, and by the emission of streams of rhyolitic 
obsidian in which phenocrysts of oligoclase and of pyroxene form only 
an insignificant fraction. Some of these recent obsidians carry rare 
crystals of hornblende, perhaps derived from the break-up of horn- 
blendic autoliths of dioritic character. 

Meanwhile, three domes of pyroxene-bearing rhyolite, heavily 
charged with tridymite, had risen on the western flank of the shield, 
and more than 150 cones of augite-olivine basaltic scoria had been 
built, chiefly on the northern and the southern flanks, some of which 
were associated with outflows of augite-olivine basalt. 

Mineralogically, the Newberry series of ejecta is characterized by 
great paucity of hornblende and mica. In this respect they differ from 
the lavas of the High Cascade volcanoes and of Steens Mountain, 
among which hornblende- and/or biotite-rich dacites and rhyolites are 
common. Except among the latest basalts, olivine is rare at the New- 
berry volcano, and even where most abundant it is far subordinate 
in amount to pyroxene. In this, the Newberry basalts contrast with 
the older basalts of Steens Mountain and with many of the High 
Cascade flows. Hypersthene, so plentiful among the andesites and the 
basalts of the High Cascade volcanoes, is here in only minor amounts 
and is restricted to the earlier basalts. 

In the British Tertiary province, Kennedy ** points out that olivine- 
rich undersaturated plateau magma is “restricted to those areas 
where fissure eruptions were succeeded by the establishment of defi- 
nite igneous (mainly plutonic) centres.” He suggests that olivine- 
rich basaltic magma and the centralization of igneous activity may 
be intimately connected. In that connection, it is to be noted that 
the plateau basalts of Oregon are, in general, augite basalts, weakly 
oversaturated. The same is true of the earlier basalts of the New- 
berry volcano; flows rich in olivine are restricted to the latest products 
of eruption, when the activity had become strongly centralized. 


23 W. Q. Kennedy: The parent magma of the British Tertiary province, Geol. Surv. Great Britain, 
Summary of Progress, Pt. 2 (1931) p. 61-73. 
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Thus, the only progressive differentiation noted at the Newberry 
volcano is among the basalts, for as time went on these changed from 
weakly oversaturated, augite-rich types to weakly undersaturated 
types with considerable amounts of olivine. Otherwise, acid and 


Table of Analyses 


1 2 3 4 5 6 7 8 9 10 11 
SiOz 49.98 || 48.60 | 50.70 | 52.50 | 53.50 | 58.35 | 60.85 | 69.80 | 71.45 | 72.35 | 73.40 
AlLOs 13.74 || 17.84 | 18.05 | 16.50 | 17.05 | 16.27 | 17.10 | 14.85 | 15.12 | 13.98 | 14.20 
2.37 1.84 1.62 4.00} 2.41 1.01 2.18 1.07 0.95| 0.60] 0.24 
FeO 11.60 7.20 6.96 | 6.88; 8.50} 7.38] 4.30] 2.37 1.761 2.781 2.26 
MnO 0.24 0.30 0.40; 0.40} 0.20; 0.15} 0.20; Tr Nil Nil Tf 
2.87 1.30 | 1.30} 2.45} 1.80] 1.15} 0.90} 0.30} 0.30| 0.25) 0.20 
CaO 8.21 || 11.65 9.70; 8.30| 7.40| 6.30] 4.35| 2.00; 1.70 1.30; 1.35 
MgO 4.73 7.90 7.60 | 3.92) 3.72} 3.07} 2.21 0.36 | 0.34; 0.30; 0.18 
1.29 0.25 0.68 | 0.81 0.73 1.75} 1.30; 3.18] 3.49| 3.92; 4.10 
Na.O 2.92 2.47 2.70; 3.55| 3.90} 4.24 5.20} 5.10) 4.43] 5.04] 4.15 
— { 1.22 0.30 0.10 0.20} 0.25}; 0.10; 0.15} 0.30] 0.15} 0.05; 0.10 
H:0+ 0.25 Nil 0.10/ 0.10! 0.10} 0.65; 0.50; 0.15) 0.45; 0.40 
CO: Nil Nil Nil Nil Nil Nil Nil Nil Nil Nil 
P20s 0.78 || Tr 0.23; 0.30] 0.18] 0.45; Tr Tr Tr Tr 
8s Tr Tr Tr Tr n.d nd Tr Tr Tr Tr 
Totals | 99.95 || 99.90 {100.04 | 99.91 | 99.86 |100.05 | 99.84 | 99.83 | 99.86 |100.02 |100.08 


Average of six Oregonian plateau basalts; after H. S. Washington. 

Gabbro; block from lithic tuff cone on south shore of East Lake, near resort. (51 D.) 

Basalt; flow on Lava Top Butte. (37.) 

Basalt; Double Falls of Paulina Creek. (4.) 

Basalt; aphyric flow at the base of the Paulina Cliffs. (87.) 

Andesite; glassy, porphyritic flow on fissure walls above East Lake. (57.) 

Andesite; scoriaceous flow at the mouth of Paulina Lake. (1.) 

. Platy rhyolite; one mile south of East Lake resort. (70.) 

. Platy rhyolite; Lookout Station, summit of Paulina Peak. (85.) 

Obsidian; massive, black flow on north wall of crater, Big Pumice Cone, between the 
lakes. (44.) 

11. Pumiceous obsidian; plug-dome at head of Big Obsidian Flow. (101.) 

All analyses, except No. 1, by Frank Herdsman. 


basic magmas were alternately erupted throughout the history of the 
volcano. Few volcanoes offer a more vivid illustration of the acid- 
basic association. 

Examples of other voleanoes at which acid and basic magmas were 
erupted from adjacent vents at close intervals of time are not wanting. 
Striking cases from Iceland have been mentioned by Reck.* For 
instance, the eruptions of acid pumice from the famous Askja caldera 
in 1875 were both preceded and followed by fissure-eruptions of basalt 


% Hans Reck: Das vulkanische Horstgebirge Dyngjufjéll mit den Einbruchskalderen der Askja 
und des Knebelsees sowie dem Rudloffkrater in Zentralisland, Kén. Preuss. Akad. der Wiss., 
Abhand., vol. 2 (1910) p. 36, 78. 
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Ficure 6.—Variation diagram of the Cascade and adjacent volcanoes 
“High Cascade” lavas in solid lines. LP = Lassen Peak region; CL = Crater 
Lake; S = Shasta. Other lavas in dashed lines. N = Newberry volcano; SM = 
Steens Mountain; ML = Medicine Lake. Circle with dot = average Oregonian 
plateau basalt. 
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at Sveinagja, about 2,000 feet below, and Reck records the presence 
of a bed of obsidian, up to 30 centimeters thick, associated with the 
basalts of Askja. Recent streams of obsidian and explosions of pumice 
in the Liparitgebirge of Torfajékull occurred at about the same time 
as eruptions of basalt from fissures at the foot of the mountain. Both 
at Askja and Torfajékull, the acid, gas-rich magmas escaped at higher 
levels than the basic. At the Newberry volcano, on the contrary, 
there is no regular distribution of the acid and basic lavas according 
to elevation; they are found side by side. 

Taken as a whole, the Newberry magmatic series is to be classed 
as calc-alkaline. According to the scheme suggested by Peacock,” 
the alkali-lime index of the series is 58. That is to say, at a point 
on the variation diagram (Fig. 8) where SiO, is 58, the sum of the 
alkalies equals the amount of lime. If the alkali-lime index exceeds 
61, a series is considered to be calcic. On this basis, the Steens Moun- 
tain and the Medicine Lake series are also cale-alkaline, having exactly 
the same index as the Newberry series. Contrasted with the lavas 
of these three volcanic centers, which lie on the “Interior Platform 
of the Columbia lavas,” are those of the High Cascade volcanoes 7°— 
Lassen Peak, Mount Shasta, and Crater Lake—all of which must be 
regarded as calcic, having indices of 63.9, 63.7, and 61.5, respectively. 
Finally, the Miocene igneous rocks of the Western Cascades, upon 
which the High Cascade cones are built, have an index of 61, and are, 
thus, intermediate between the calcic and the calc-alkaline series. 

How is one to explain the calcic nature of the High Cascade lavas 
and the calc-alkaline nature of the lavas forming part of the “Colum- 
bia plateau,” to the east? Clearly, it is not a matter of time, for, 
with the exception of the early Tertiary rocks of Steens Mountain, 
all the lavas are approximately of the same age. Perusal of Figures 
6 and 7, shows that, in general, the lavas of the High Cascade vol- 
canoes are richer in alumina, lime, and magnesia, and are poorer in 
iron and potash, soda being variable. Such differences immediately 
suggest that if all the lavas were derived from a common magma, 
those of the High Cascades represent the products of more advanced 
crystal-differentiation. Suppose one is justified in assuming that the 
average of the Oregonian plateau basalts indicates closely the nature 
of the primary magma underlying this whole province, then, as the 
diagrams show, the lavas of the High Cascades are much further re- 
moved therefrom than are those of the Newberry, the Steens Moun- 


23M. A. Peacock: Classification of igneous rock series, Jour. Geol., vol. 39 (1931) p. 54-67. 
% Eugene Callaghan: Some features of the volcanic sequence in the Cascade Range in Oregon, 
Am. Geophysical Union, Vol. Sect., Tr. (1933) p. 243-249. 
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Ficure 7.—Variation diagrams of the Cascade and adjacent volcanoes 
“High Cascade” lavas in solid lines. LP = Lassen Peak region; CL = Crater 
Lake; S = Shasta. Other lavas in dashed lines. N = Newberry volcano; SM = 
Steens Mountain; ML = Medicine Lake. Circle with dot = average i 
plateau basalt. 
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tain, and the Medicine Lake series. And if one assumes that this 
primary magma underwent crystal-differentiation, by the settling of 
basic feldspars and of magnesian olivines and pyroxenes at an early 
stage, then the High Cascade lavas, with their high content of alumina, 
lime, and magnesia, may be taken to be richer in the re-fusion prod- 
ucts of these early crystals than the lavas of the other volcanoes. 
Is it possible that the High Cascade volcanoes, rising as they do to 
greater heights than the volcanoes to the east, tap lower levels in the 
primary basalt, levels where the accumulation of early crystals was 
more abundant? 

Moreover, a comparison of analyses 1 to 5, in the Table of Analyses, 
brings out the fact that the older, and least porphyritic, basalts of 
the Newberry volcano (Nos. 4 and 5) differ less from the average 
Oregonian plateau basalt—the supposed parent—than do the younger, 
more porphyritic and olivine-bearing basalts and gabbros (Nos. 3 
and 2). Indeed, the later Newberry basalts bear much the same rela- 
tion to the average Oregonian plateau basalts as the Porphyritic Cen- 
tral Type of Mull bears to the Nonporphyritic Tholeiitic Type.?” It 
may, perhaps, imply that as activity continued at the Newberry center, 
deeper levels of the primary magma were tapped, levels at which the 
accumulation of early crystals had been marked. 

Although crystal-differentiation of a primary plateau basalt appears 
to be the simplest explanation of the differences between the early 
and the late basalts of the Newberry volcano, and between the New- 
berry lavas, as a whole, and those of the High Cascade volcanoes, the 
question may be asked whether or not assimilation offers an adequate 
reason. Unfortuantely, there is no certainty concerning the depths 
of the magma reservoirs or the rocks which surround them. If, how- 
ever, the magmas beneath the High Cascade volcanoes had assimilated 
large amounts of shale, limestone, and dolomite, they would be en- 
riched in those constituents which are especially plentiful in the High 
Cascade lavas; viz., alumina, lime, and magnesia. The same process 
would account for the relative paucity of iron, although it would fail 
to account for the low potash content, unless some other process 
were operative. Considering next the magma reservoirs beneath the 
Newberry volcano, it may be conceived that the primary basalt was 
unable to assimilate large quantities of sediment but was mostly in 
contact with thick masses of Tertiary lavas, chiefly basalts and rhyo- 
lites, not essentially different from those forming the volcano itself. 
Syntexis under these conditions would modify the parent magma much 


7 W. Q. Kennedy: op. cit., p. 70-71. 
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less than in the case of the High Cascade volcanoes. It must be con- 
fessed, however, that the amount of assimilation necessary to account 
for the observed differences between the High Cascade lavas and those 
to the east is inordinately large. 

Before leaving this subject, an important feature of the High Cas- 
cade volcanoes deserves emphasis. Long ago, Hague and Iddings ** 
noted that the lavas of Mount Rainier, Mount St. Helens, and Mount 
Hood, at the northern end of the High Cascade chain, show much less 
variation than do those of the southern volcanoes, Mount Shasta and 
Lassen Peak. The writer’s studies amply verify this observation. 
Whereas the volcanic series of Lassen Peak and vicinity includes lavas 
ranging from rhyolites to basic basalts—a range duplicated at the 
Crater Lake voleano—and whereas the sequence at Mount Shasta 
includes types as dissimilar as dacites and basalts, the lavas of the 
northern Cascade volcanoes are almost entirely composed of hyper- 
sthene andesites and basalts. Only further work can show whether or 
not the degree of differentiation increases more or less regularly from 
north to south, although the general truism is not to be gainsaid. 


BASALT-RHYOLITE ASSOCIATION 


Inquiry should now be made as to the remarkable association of 
acid and basic magmas at the Newberry volcano, and the paucity 
of those intermediate types, so abundant among the adjacent vol- 
canoes of the High Cascades. Just as the late differentiates of the 
Porphyritic Central Type of Mull are characterized by quartz, acid 
feldspar, common augite, and, more rarely, amphibole, so are the 
acid differentiates associated with the Newberry basalts. Neither 
at this volcano, nor, indeed, at any of the High Cascade volcanoes 
known to the writer, has differentiation trended toward the produc- 
tion of syenite-trachyte types. Among the Tertiary igneous rocks of 
the Coast Range of California, syenitic types are not uncommonly 
associated with basalts, and among the volcanoes of the Pacific 
Islands such differentiates are, of course, typical. Whether this lateral 
variation in the type of differentiation is related in some way to 
original variations in the parent sima—e.g., a more sodic basalt beneath 
the Pacific—or is controlled in part by crystal differentiation of the 
type suggested by Kennedy,”® or is the result of other causes, cannot 
yet be determined. The occurrence of highly potassic rocks further 


2 Arnold Hague and J. P. Iddings: Notes on the volcanoes of northern California, Oregon and 
Washington Territory, Am. Jour. Sci., 3rd ser., vol. 26 (1883) p. 222-235. 

2W. Q. Kennedy: Trends of differentiation in basaltic magmas, Am. Jour. Sci., 5th ser., 
vol. 25 (1933) p. 239-256. 
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east, in Montana, Wyoming, and the Navajo country, emphasizes this 
lateral variation among the Tertiary igneous rocks. 

That crystal differentiation may, under certain conditions, yield 
rhyolites from a basaltic magma, is not to be denied; the difficulty 
at the Newberry volcano is to explain the paucity of andesites, if the 
rhyolites were really derived by this process. Bowen’s *° explanation 
of the basalt-rhyolite association—namely, high fractionation among 
the plagioclase feldspars—does not seem adequate, and it is doubtful 
if crystal settling would ultimately yield sufficient rhyolitic magma, 
unless the parent were andesitic, which is distinctly improbable. Nor 
does it seem possible to account for the association by any method 
involving assimilation. Observing in the Newberry volcano the re- 
peated eruption of rhyolite and basalt not only from adjacent vents, 
but from a common fissure, more or less simultaneously, one is, indeed, 
tempted to presume the existence of two contrasted magmas beneath 
the caldera floor. Some petrologists, dissatisfied with the wide appli- 
cation of the commonly accepted theories of differentiation, are revert- 
ing to the old idea of Bunsen that there may be two primary magmas, 
one granitic and the other basaltic. To suggest that under some con- 
ditions, rhyolitic and basaltic magmas may be immiscible, merely 
because the contention cannot be disproved, may savor of begging 
for a deus ex machina to explain a relatively few cases of the basalt- 
rhyolite association, but the very rarity of the association seems to 
demand a special explanation. As Fenner ** remarks: 

“The phenomena indicate, rather, that if immiscibility is operative it is only 
under certain conditions. The indications are that the load upon the magmatic 
body may be an important factor, perhaps not of itself but in favoring the 
retention of volatiles. We should probably have to conceive that the basaltic 


and granitic magmas are immiscible while they contain a large quantity of 
volatiles, but are more and more capable of mingling as the volatiles escape.” 


Considering the fact that almost all the lavas of the Newberry 
volcano are either extremely glassy or extremely poor in phenocrysts, 
one may assume that, prior to extrusion, the magmas had scarcely 
begun to crystallize. Can it be that the acid and the basic magmas 
occupied the same reservoirs and were more or less sharply separated 
therein, so that the fissures now tapped the rhyolitic fraction and now 
the basaltic? Or can it be that the acid and the basic magmas were 


%N. L. Bowen: The evolution of the igneous rocks, Princeton Univ. Press (1928) p. 92-124. 
31C, N. Fenner: Partial miscibility of mag , Report of Committee on Batholithic Problems, 
Nat. Research Council, Exhibit C, Appendix A (1933) p. 1-6. 
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differentiated at depth, and subsequently rose into many partly iso- 
lated chambers? If the acid liquids rose first, there might be little 
opportunity for the heavy, basic magma to admix with them. Those 
who view with favor the possibility of liquid immiscibility are united 
in the assumption that volatiles may, in some way, inhibit mixing. 
But even the most glassy of the Newberry lavas is now poor in 
volatiles, and may not have contained large amounts even as it escaped 
to the surface. If a high content of volatiles made possible the splitting- 
off of the basaltic and the rhyolitic magmas, it must have happened 
at considerable depth. 

To summarize: It is believed that the lavas of the Newberry volcano 
and of the High Cascade cones, although probably derived from a 
common plateau basalt magma, differ from each other chiefly as the 
result of crystal differentiation. The question as to whether or not 
the acid and the basic magmas of the Newberry volcano could have 
separated in the liquid state must remain unanswered, but with no 
positive evidence to the contrary the possibility is inviting, and should 
not be discarded. 


NEWBERRY VARIATION DIAGRAM 


Among the more important features of the diagram (Fig. 8) should 
be noted the general flatness of the alumina curve, as contrasted with 
that of the High Cascade series, Lassen Peak and Crater Lake. It is due 
to the fact that the lavas of the last two cones are far more porphyritic 
than those of the Newberry volcano. Indeed, the alumina curve of 
the Newberry diagram falls just where it rises in the other two curves; 
i.e., about 55 per cent silica. Porphyritic feldspar is especially abun- 
dant in the Lassen and the Crater Lake flows at this point; it is 
extremely rare among the corresponding lavas at Newberry. 

Compared with the two other volcanic series of the “Columbia 
plateau”—Steens Mountain and Medicine Lake—the Newberry series 
is much more sodic and correspondingly less potassic. As in most 
series, the content of soda falls as that of potash rises at the acid end 
of the series, where the amount of porphyritic plagioclase drops, and 
the lavas are almost entirely glassy. 

The sudden rise of the magnesia curve below 52 per cent silica and 
the corresponding drop in the iron curve are sharper than in any of 
the other plotted series, and are due, in part, to the concentration of 
olivine and magnesian pyroxene in the most basic ejecta. That the 
lime curve rises more steeply in the Newberry diagram than in those 


XXI—BULL. Grou. Soc. AM., Vou. 46, 1935 
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of the High Cascade volcanoes reflects a more marked concentration 
of basic feldspars in the later of the Newberry basalts. 

The analyses upon which the variation diagram is based were 
made on single samples from various flows. In the field it was found 
impossible to recognize any differentiation within individual flows, 
but, in view of the fine grain of the lavas, it would be rash to assert 
that such did not take place. 
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CONTENTS 


Page 

FOREWORD 


This is a preliminary compilation and analysis of Upper Devonian 
faunas, recognizedly incomplete. The compiler seeks the aid of others 
to ameliorate its errors and omissions so that a more perfect list may 
eventuate. Nevertheless, as it stands, it will serve to rectify widespread 
correlations of the American Upper Devonian strata, by reference to 
the distinctive faunas herein differentiated in the standard section of 
New York and the adjoining portions of Pennsylvania and Ohio, for 
there are four or five faunas known as “Chemung,” surely two that have 
been lumped as “Portage,” while the fishes, called “Catskill,” belong 
to seven faunas at least. 

Stratigraphic work in the area, as it affects the broader correlations 
herein employed, is practically finished. The difficulties that now arise 
in sorting out the published faunas into their correct stratigraphic 
groups are chiefly those due to inaccurate or vague records of localities 
for the described species, or to the presence, at a named locality, of rocks 


* Manuscript received by the Secretary of the Geological Society, May 16, 1934. 
(305) 
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belonging to more than one of the geologic groups now discriminated out 
of the old confusion. Early workers had no idea of the precision of 
allocation that is needed. In such doubtful cases, only later careful 
collecting will prove or disprove the writer’s best guess as to the correct 
stratic source. 

Stimulus and aid already received from many friends is gratefully 
acknowledged. Besides the members of the New York and the Pennsy]- 
vania surveys, there are other who also have been most generous; indeed, 
few students of the local Devonian have not made some contribution 
to the progress of this work. 

The list of publications consulted is too long to print at this time. 
Official reports of New York, Pennsylvania, Ohio, and Maryland, as 
well as of the Federal survey,with many scattered papers in journals and 
elsewhere, have been combed for evidence. The writer will appreciate 
having his attention called to books or articles likely to have been over- 
looked, and to any pertinent data. His sole object is to have the list 
finally as correct as it can possibly be made; wherefore, all criticism is 
cordially welcome. 


INTRODUCTION 


It was Professor Schuchert, who, after listening to one of the writer’s 
earlier papers on Devonian stratigraphy, commented to the general 
effect that the proof of the pudding would be paleontology. Unfortu- 
nately, up to that time, paleontology had only befuddled the questions 
at issue. It gives the writer. therefore, great pleasure at this time to 
present a complete justification of the prophecy of that eminent paleon- 
tologist, as well as paleontologic corroboration of a piece of stratigraphic 
work in which, until the final stages, fossils have played only a minor 
role. 

It has been supposed that there were four Upper Devonian faunas; 
namely, a Genesee fauna, a Portage fauna, a Chemung fauna, and a 
Catskill fauna, the last consisting of “fishes” and a few other forms 
capable of existence in fresh waters upon a delta. But it is now many 
years since there came general recognition of the co-existence of this 
“Catskill” fauna upon the land with the “Chemung” fauna in the sea. 
Subsequently, another distinction was made, in the higher marine strata 
at the western end of New York and Pennsylvania, with resultant sepa- 
ration from the “Chemung” of the Bradfordian (or at least the Cone- 
wango formation) on the basis of entry of many new forms prophetic 
of Mississippian assemblies. 
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Recognition of the fading of Chemung facies deposits westward into 
beds of “Portage” aspect, with concomitant fossil types, followed as an 
inevitable corollary upon the stratigraphic work of I. C. White and 
D. Dana Luther, who showed that Ohio “Portage” (Chagrin) was 
Pennsylvania “Chemung,” and Pennsylvania “Portage” (Northeast) 
was New York “Chemung.” Farther east, John M. Clarke and Mr. 
Luther proved the identity of their Highpoint sandstone, carrying a rich 
Chemung fauna (including the ubiquitous Spirifer disjunctus among 
other more distinctive species) with the typical Portage sandstone of 
the Genesee River section. Moreover, Clarke carried the next lower, 
or Naples, beds (‘“Portage” facies) on eastward into the Ithaca forma- 
tion of “Chemung” aspect, and still beyond this into the Oneonta red- 
beds, or Catskill. 

Thus, the old faunal distinctions were breaking down, the concept of 
contemporary faunal facies taking their place, although the companion 
concept of facies-faunas was still incognizant. The menace persisted 
of oversimplification of the actual stratic and faunal succession. Few- 
ness of names gives a feeling of convenience, and of finality. It is 
the duty of this paper to show the inadequacy of a few names for 
expressing the paleontological facts, 1s well as their stifling effect upon 
progress. All the old categories turn out to be but facies-faunas, whose 
variant time-segments are bound together by but a handful of wide- 
ranging forms as inconsequential for precise correlation as are Atrypa 
“reticularis” and Leptaena “rhomboidalis.” As, on any sea-coast 
sector, unlike societies co-exist at different depths, so each faunal 
assemblage of this Upper Devonian terrane embraces several contem- 
poraneous congeries, straying at times (laterally) into each other’s door- 
yards, and all holding the same definite time-value. These are the true 
Devonian faunas, whose constitution and succession are here roughed 
out, it is hoped so convincingly as to leave no further excuse to those 
who would prefer the old catch-alls for their fossils. The formations 
themselves, moreover, are all mappable, thick, their boundaries sharp 
and determinable in the field, not like the hazy limits of the facies- 
faunas that have done duty so long. 

Each of the large biotas* of the New York-to-Ohio Upper Devonian 
will now be taken up in detail, as a chronologic unit without distinction 
of its component parvafacies, and analyzed into four lists; namely, 


1 Although this paper deals primarily with the faunas, the little-known floras will also be 
included in the lists, still entitled simply ‘“‘faunas.’’ 
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(a) species not reported above or below, hence to be considered for the 
present as diagnostic, or indicial; (b) species ranging up from below 
to terminate in the given group, hence considered as inherited and final; 
(c) species making their first appearance and continuing above, or 
imtiated; and (d) through-going or transitory species, mostly of long 
range, occurring both above and below. Doubtless, time will make 
some small changes in these lists (based almost wholly on published 
identifications by others), perhaps partly in the way of sharper dis- 
crimination of species at different levels, perhaps partly by discovery 
of wider range for forms now thought to be limited. In any case, it is 
highly important, in the future, to allocate properly all fossils, new or 
old, found in these sediments, with reference to the six faunal divisions 
now established in the Upper Devonian. 

It should be emphasized that the species of the “diagnostic” lists are 
not repeated nor duplicated in any other lists; also, under any one group 
each name appears once. The only repetition of names is in different 
groups, and then only for the “non-diagnostic” forms that range through 
more than one group, although this naturally includes many of the most 
abundant and most widely known of the Upper Devonian citizenry. It 
should be further explained that highly up-to-the-minute terminology 
in fossil names has not been attempted, nearly all the names being left 
to stand as in the familiar literature from which their distribution has 
been gleaned. 

DOUBTFUL FAUNAS 


Unfortunately, one must cross debatable ground at the outset; namely, 
the Tully limestone, and the basal pyrite present in its absence without 
necessarily being its equivalent. 

The writer knows of only three additions having been made to the 
fauna of the Tully limestone as assembled by S. G. Williams? in the 
sixth report of the New York State Geologist, covering 120 entries. 
These additions are Dolatocrinus liratus, Anoplia?, and Spirifer mesas- 
trialis, the last from the eastern extension of the Tully in the Schoharie 
Valley, where it also extends down, well into the Hamilton beds. 
No. 116 of Williams is Thysanopeltis tullia; No. 47 is Chonetes aurora; 
while other corrections are easily made through S. A. Miller’s Index 
and the volumes of the New York State Paleontology. It is, therefore, 
unnecessary to republish the list here, especially as all save six of the 
species are Hamilton forms, or older. 


28. G. Williams: The Tully limestone, its distribution, and its known fossils, N. Y. State Geol., 
6th Ann. Rept. (1887) p. 26-29. 


i 
al 
; 
| 
| 
if 


DOUBTFUL FAUNAS 309 


These six * species, all that there are to distinguish the Tully from 
the Hamilton, are Orbiculoidea tullia, Schizophoria tulliensis, Chonetes 
aurora, Hypothyridina venustula, Maeneceras amplerus, and Thy- 
sanopeltis tullia, to which one may add the nominal varieties Leptos- 
trophia perplana tulliensis and Spirifer pennatus tulliensis of Hamilton 
species. As no one of these six species ranges upward into undoubted 
Upper Devonian strata, they are, while diagnostic, wholly non-commital 
as to the Middle or the Upper Devonian appurtenance of the Tully. Not 
a single species originates in the Tully to persist beyond. Such forms 
as do continue are all Hamilton, 34 in number; nor is this fact of conse- 
quence as compared with the much larger number of Hamilton species 
unknown in the Tully that, nevertheless, re-appear above it. 

The paleontologic claim for Upper Devonian age of the Tully lime- 
stone rests, therefore, upon the single species, Hypothyridina venustula, 
and on its identification with the European H. cuboides. Granting 
specific identity, must our Clinton Reynales limestone be Ordovician 
because of Pentamerus oblongus, the type of which is Caradoc, or our 
Helderbergian Coeymans limestone be Wenlock Silurian for its 
“Sieberella galeata”? But I have failed to see more than generic 
resemblance in the European specimens of H. cuboides that I have 
handled, and the genus has several good Middle Devonian representa- 
tives in Europe. 

The stratigraphic evidence, as now understood, is equally uncon- 
vincing. With 63 species of Hamilton fossils in the Tully limestone 
that are not among the long-range Hamilton forms of the Senecan 
strata above, and with all its physical characteristics like those of the 
Hamilton limestones below rather than those of the Senecan limestones 
above, the Tully seems to belong lithically and faunally in the Hamil- 
ton, although there are places, as at Taghanic Falls, where the sharp 
break seems to come below and a transition to occur above into the 
Genesee. Yet there are other places where the reverse is true. Followed 
westward, the Tully limestone disappears into an unconformity; but 
whether it goes out from top down, and is thus Middle Devonian, or 
from bottom up, making it Upper Devonian, seems never to have been 
investigated,‘ although this is the decisive criterion. 

From this point of its disappearance, westward, a discontinuous thin 


3 At latest accounts, G. A. Cooper has reduced this number to four. 
«I am informed that this may be treated in a forthcoming paper on the Tully by G. A. Cooper 
and J. S. Williams. 
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basal seam of highly fossiliferous pyrite, commonly reported as “Tully,” 
follows the waning Geneseo black shale to Lake Erie. As the latter 
there goes out of the section, just before plunging under the lake, a 
thin calcareous bed, filled with conodonts and remains of fishes, lies 
just beneath the succeeding Genundewa limestone. Whether this 
conodont bed represents the basal pyrite, or whether it is an essential 
part of the Genundewa above it, remains as an unattacked problem. 
Each of these three beds has contributed materially, and without dupli- 
cation, to the list of Genesee species. 

The pyrite fauna has been listed by F. B. Loomis.5 The question is, 
is this fauna Tully or is it Genesee? Except for two ostracods, de- 
scribed as new, and not elsewhere reported, and for four normal Hamil- 
ton species, the pyrite fauna consists of stunted forms, all assigned as 
named mutations to Hamilton species except two mutations of unde- 
termined species of Bactrites. Not one of the diagnostic Tully forms 
appears in the list, which in the presence of the genus Bactrites shows 
an affinity to the Senecan not noted in the Tully fauna. Counting all 
the mutations, there are only 20, or at most possibly 23, forms in com- 
mon, out of the 48 on the pyrite list and the 123 on the Tully, and all 
except 8 of these are long-range species which continue upward. Fully 
three-quarters of the pyrite list species are known in the undoubted 
Senecan as against little more than one-quarter of the Tully limestone 
list. 

FAUNA 1. GENESEE GROUP 


As now delimited, the Genesee group consists of four members: (a) 
Geneseo black shale, (b) the thin Genundewa limestone, (c) West River 
dark shale, and (d) Standish flags, the last-named missing from Can- 
andaigua Lake west, but thickening rapidly eastward, together with 
the increasingly sandy West River, until on Seneca and Cayuga lakes 
the two become the Sherburne sandstone, which at its type locality 
embraces also the sandy facies of the Geneseo, and even the Tully. 
Through confusion still farther east with the Ithaca, the recurrent 
Hamilton fauna of the Genesee or the Sherburne group, there, is not 
available for inclusion in this list until fieldwork is completed. The 
fossil content of the black shale facies seems limited, the following 


SF. B. Loomis: The dwarf fauna of the pyrite layer at the horizon of the Tully limestone in 
western New York, N. Y. State Mus., Bull. 69 (1903) p. 919. List repeated in Bull. 63 (1904) 
p. 57-58, 


pet 
as 
| 
| 
a 
i i 
5 


GENESEE GROUP 311 


catalogue being drawn almost wholly from the rich Genundewa lime- 
stone and the basal pyrite and conodont beds, previously mentioned. 
To distinguish these in the list, the (restricted) limestone species are 
starred (*) ; those of the pyrite, marked with a dagger (+) ; those of the 
conodont bed with a double dagger (f{); but the conodonts themselves 


need no symbol. 


DIAGNOSTIC SPECIES 
(Confined to the Genesee group) 


Echinoderms 
Poteriocrinus zethus 
Decadocrinus insolens 

Brachiopods 
Lingulipora williamsana 
Orbiculoidea lodiensis 

Pelecypods 
Buchiola stuprosa 

*Buchiola(?) livoniae 
*Paracardium delicatulum 
Lunulicardium encrinitum 
Pterochaenia sinuosa 
*Honeoyea simplex 
*Honeoyea styliophila 
Gastropods 
*Bucanopsis denckmanni 
*Gyroma genundewa 
*Macrochilina seneca 
*Protocalyptraea styliophila 

Pteropods 
Styliolina fissurella intermittens 
Pharetrella tenebrosa 

Cephalopods 
Poterioceras(?) manes 

*Gephyroceras pattersoni styliophilum 
*Gephyroceras contractum 
*Gephyroceras fasciculatum 
*Gephyroceras nodifer 

*Manticoceras genundewa 
*Tornoceras untangulare compressum 

Arthropods 

Ceratiocaris longicauda 
tEntomis prosephina 
tBeyrichia dagon 
tConodonts 
Prioniodus abbreviatus 
Prioniodus dilatus 


Prioniodus hamatus 
Lonchodina clavata 
Prioniodina recedens 
Prioniodella invalida 
Bryantodus cristatus 
Bryantodus macrodentatus 
Bryantodus muricatus 
Bryantodus obtusus 
Bryantodus parvulus 
Bryantodus pravus 
Bryantodus retusus 
Bryantodus spatulatus 
Lonchodus princeps 
Polygnathus caelatus 
Polygnathus foliatus 
Polygnathus linguiformis 
Polygnathus ordinatus 
Polygnathus pennatus 
Polygnathus peracutus 
Polygnathus rotundilobus 
Polygnathus tuberculatus 
Panderodella solida 
Polygnathellus colligatus 
Gnathodus(?) crassus 
“Fishes” 
tCladodus urbs-ludovici*® 
tDittodus priscus ° 
tDittodus striatus 
tDittodus grabaut 
tDittodus minimus 
Gyracanthus sarlit 
tAcmoniodus clarkit 
tSynthetodus calvini® 
tOrodus devonicus 
ttPtyctodus compressus ° 
tPtyctodus howlandi 
tRhynchodus telleri 


Probably post-Genesee at the type localities, west of the area under consideration. 
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tRhynchodus ornatus tCopanognathus crassus 
tPalaeomylus lunaformis Dinomylostoma buffaloensis 
tAnodontacanthus pusillus tDipterus gemmatus 
tStethacanthus praecursor Plants 

tDinichthys insolitus *Cyclostigma affine 
tStenognathus denticulatus Archaeocalamites inornatus 
tStenognathus insignis *Cladozxylon mirabile 
tPerissognathus aduncus Rhachiopteris tenuistriata 
tMachaerognathus woodward Rhodea pinnata 


NON-DIAGNOSTIC SPECIES 


First appearance Cnidarians: *Aulopora annectens; Echinoderms: Melocrinus 
clarkii, Arthracantha ithacensis,' Eutazocrinus curtus, Eutazocrinus ithacensis, 
Glossocrinus cornellianus, Lepidasterella babcocki; Brachiopods: Lingula spatu- 
lata, Barroisella subspatulata, Schizobolus concentricus, Leptostrophia interstrialis, 
Leiorhynchus mesacostale, Letorhynchus globuliforme(?); Pelecypods: *Ontaria 
suborbicularis, *Buchiola scabrosa, *Paracardium doris, *Chaenocardiola hemicar- 
dioides, Honeoyea erinacea; Gastropods: *Phragmostoma natator, *Phragmo- 
stoma incisum, *Bucanopsis koenent, Porcellia nais, Gyroma cognata, *Macro- 
chilina pygmaea, *Loxonema noe, Trachydoma(?)*® praecursor(?), *Diaphoro- 
stoma pugnus, *Anomphalus minutissimus ; Cephalopods:*Orthoceras atreus, Bac- 
trites aciculum, Bactrites gracilior, tBactrites sp. mut. parvus, tBactrites sp. mut. 
pygmaeus, Gephyroceras pattersoni, Manticoceras simulator, Manticoceras per- 
latum, Probeloceras lutheri, Spathiocaris emersoni; Conodonts: Prioniodus alatus, 
Lonchodina erratica, Bryantodus immersus, Bryantodus radiatus, Polygnathus 
cristatus, Palmatolepis punctata, Gnathodus americanus; “Fishes”: Ptyctodus cal- 
ceolus, Dinichthys newberryi, tDinichthys magnificus, Dinichthys pustulosus, 
tStenognathus gouldi(?), Holonema abbreviatum, Oéstophorus lilleyi, Holoptychius 
americanus; Plants: *Archaeosigillaria primaeva, *Archaeosigillaria(?) gaspiana, 
*Cordaites clarkii. 

Last appearance—Echinoderms: {*Pentremitidea leda; Brachiopods: Orbicu- 
loidea minuta, Spirifer angustus; Pelecypods: Nuculites nyssa, Pinnopsis curta, 
Elymella fabalis; Gastropods: Euryzone rugulata®; Cephalopods: *Spyroceras 
nuntium; Arthropods: tCryphaeus calliteles; “Fishes”: tCtenacanthus wrighti, 
tMachaeracanthus longaevus(?), tAspidichthys notabilis, Acanthaspis armata, 
tEczematolepis fragilis, tOnychodus sigmoides. 

The following dwarfed Hamilton forms occur in the pyrite, all as “mut. pygmaea” 
unless otherwise noted. As species, not mutants, those marked §, and perhaps 
others, continue upward. Brachiopods: §Tropidoleptus carinatus, §Productella 
spinulicosta, §Strophalosia truncata, Trigeria lepida, Spirifer audaculus, Spirifer 
granulosus (pluto), Spirifer tullius (belphegor), §$Spirifer pennatus (hecate), 
§Reticularia fimbriata (et simplicissima), §Ambocoelia umbonata (et pluto), 
§Cyrtina hamiltonensis, Nucleospira concinna; Pelecypods: §Nucula corbulifor- 
mis, Nucula lirata, Nucula varicosa, Leda rostellata, §Palaeoneilo constricta, 
$Palaeoneilo plana, Nuculites oblongatus, Nuculites triqueter, Grammysia con- 
stricta, Conocardium eboraceum, §Buchiola retrostriata, §Paracyclas lirata; Gas- 


7K. E. Caster writes that this is found as low as the top of the Sherburne sandstone below 
Ithaca Falls. 

8 Evidently neither a Trachydoma (spelling as emended by J. B. Knight) nor yet a Palaeo- 
trochus, as originally described. The species has been reported with a query. 

® The form reported as *Euryzone itys tenuispira turns out to be *Gyroma genundewa. 
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tropods: Euryzone itys, §$Gyroma capillaria, Macrochilina hebe, $Macrochilina 
hamiltoniae, §Loxonema delphicola (moloch), Diaphorostoma lineatum (belial) ; 
Pteropods: §Tentaculites gracilistriatus (asmodeus), $Tentaculites bellulus (ste- 
bos) ; Cephalopods: Orthoceras subulatum, Orthoceras scintilla (mephisto), §Tor- 
noceras uniangulare (astarte). 

Transients—Brachiopods: Lingula ligea, Petrocrania hamiltoniae, Chonetes 
setigerus, Chonetes lepidus, Strophalosia truncata, Leiorhynchus multicosta, Leio- 
rhynchus quadricostatum, Spirifer tullius, Spirifer mesastrialis, Cyrtina hamilton- 
nensis; Pelecypods: Gonitophora subrecta, Nuculites triqueter(?), Buchiola 
retrostriata, Pterochaenia fragilis, Pterochaenta fragilis orbicularis; Gastropods: 
Gyroma capillaria; Pteropods: *Tentaculites gracilistriatus, Styliolina fissurella, 
Conularia continens(?); Cephalopods: Tornoceras uniangulare; Plants: Proto- 
salvinia huronensis. 

The only genera of this list unreported outside the Genesee are 
Pharetrella and Cladorylon. Others beginning in this group are Cla- 
dochonus?,® Eutaxocrinus, Glossocrinus, Lepidasterella, Schizobolus, 
Ontaria, Paracardium, Chaenocardiola, Honeoyea, Trachydoma, Pro- 
tocalyptraea, Anomphalus, Bactrites, Gephyroceras, Manticoceras, 
Probeloceras, Spathiocaris?, Lonchodina?, Prioniodina, Prioniodella, 
Polygnathus?, Palmatolepis, Panderodella, Polygnathellus, Gnathodus, 
Glyptaspis, Holoptychius, Archaeosigillaria. The strongly Upper De- 
vonian aspect of the Genesee fauna, brought out by this list, is confirmed 
by the contrast in numbers between the 57 “first appearances” and the 
15 “last appearances,” as given above. 

The genera that with present knowledge appear to end with the 
Genesee are Pentremitidea, Trigeria* Nucleospira,’* Nuculites,* and 
Beyrichia, of which all but Nuculites are here confined to the pyrite 
zone. It is interesting to note in passing that Clarke, in 1894, still 
refers to this pyrite as Genesee (instead of Tully), saying: “S. Belphegor, 
Clarke, of the Genesee shales,” as in his original descriptions of 1885. 


FAUNA 2. NAPLES GROUP 


Restoring the term Naples (of Clarke) to its original signification, 
comprising the strata between the Genesee group below and the Grimes 
sandstone, or base of the Chemung, above, but excluding much that 
was wrongly included, along the Genesee River, and westward, in 
Clarke’s later elaborations of his “Naples fauna,” one can follow this 
group from a total of only 223 feet of mostly black shale, where it 


10 All the records of “‘Cladochonus’’ may prove to mean Aulopora annectens or its allies. 

11 Trigeria lepida has been recently found to re-appear in the Machias beds of southern 
Allegany County, N. Y., thus extending its range into the Canadaway group. 

12 Nucleospira n. sp., however, is listed from the Mississippian Bedford shale. 

18 But Nuculites sp. is reported by Prosser from the Mississipian (Brecksville shale). 

14 James Hall and J. M. Clarke: Paleontology of New York, vol. 8, pt. 2 (1894) p. 14. 
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emerges from Lake Erie, through all the facial changes of these deltaic 
deposits to a maximum of nearly 5000 feet of Catskill continental strata 
forming the main mass of the Catskill mountains and assuming in part 
the “Pocono” facies. There are four members: (a) Middlesex black 
shale, (b) Cashaqua olive shale, (c) Rhinestreet black shale, (d) Hatch 
dark shales. These are grouped by pairs into the Sonyea below and the 
Attica above, at the west, corresponding eastward to the Ithaca and 
Enfield, respectively, and eventually, in the red-beds, to the bulk of 
the Onteora (which includes a Sherburne equivalent at base) and the 
overlying Katsberg (Enfield equivalent). In time, it will be desirable 
to discriminate two biotas, corresponding to these two divisions, but 
this should await G. A. Cooper’s promised unravelling of these beds in 
their eastward marine expression, so long confused with Hamilton con- 
stituents. The rich fauna of the group, approaching 400 species, is here 
treated as a whole. 


DIAGNOSTIC SPECIES 
(Confined to the Naples group) 

Sponges Actinopteria tenuistriata 
Clathrospongia(?) trregularis Actinopteria delta 

Cnidarians Actinopteria epsilon 
Plectodiscus molestus Actinopteria zeta 

Echinoderms Actinopteria eta 
Melocrinus reticularis Actinopteria theta 
Melocrinus williamsi Actinopteria iota 
Melocrinus willetensis Actinopteria kappa 
Melocrinus willetensis perstriatus Actinopteria sola 
Melocrinus harrist Leptodesma rogersi 
Cradeocrinus pergracilis Leptodesma naviforme 
Charientocrinus ithacensis Ectenodesma birostratum 
Decadocrinus gregarius Modiomorpha subalata chemungensis 
Decadocrinus decemnodosus Goniophora trigona 
Eocidaris drydensis Goniophora minor 
Lepidasterella gyalum Palaeoneilo constricta flexuosa 
Ptilonaster princeps Palaeoneilo muricata 
Urasterella sp. nov. Ptychodesma nanum 

Brachiopods Conocardium liratum 
Palaeoglossa(?) triquetra Ontaria accincta 
Orbiculoidea neglecta Ontaria clarkit 
Spirifer pennatus posterus * Ontaria affiliata 

Pelecypods Ontaria halli 
Lyriopecten priamus Chaenocardiola clymeniae 
Pterinopecten erectus Lunulicardium velatum 
Pterinea (Vertumnia) reproba Lunulicardium finitimum 
Actinopteria perstrialis Lunulicardium sodale 


15 Reports of this species from the Chemung need investigation. 
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Lunulicardium pilosum 
Prochasma parunculus 
Opisthocoelus(?) transversale 
Pterochaenia perissa 
Pterochaenia elmensis 
Pterochaenia cashaquae 
Honeoyea desmata 
Paraptyz ontario 
Schizodus eminens 
Leptodomus interplicata 
Leptodomus multiplex 
Gastropods 
Tropidocyclus hyalinus 
Phragmostoma(?) ithacense 
Carinaropsis(?) ithagenia 
Gyroma ciliata 
Protocalyptraea marshalli 
Pteropods 
Tentaculites spiculus 
Tentaculites tenuicinctus 
Cephalopods 
Orthoceras bebryx cayuga 
Orthoceras fulgidum 
Orthoceras(?) anguis 
Spyroceras pertextum 
Spyroceras ontario 
Tornoceras uniangulare obesum 
Parodiceras(?) peracutum 
Gephyroceras apprimatum 
Gephyroceras tardum 
Gephyroceras accelerans 
Gephyroceras holzapfeli 
Probeloceras(?) naplesense 
Beloceras iynz 
Sandbergeroceras syngonum 
Acanthoclymenia neapolitana 
Pholadocaris lutheri 
Annelids? 
Taonurus retortus 
Arthropods 
Rhinocaris capsella 
Rhinocaris(?) bipennis 
Ceratiocaris simplex 
Ceratiocaris(?) beecheri 
Eleutherocaris whit fieldi 
Mesothyra oceani 
Stylonurus excelsior 
Conodonts 
Prioniodus armatus 
Prioniodus curvidens 


NAPLES GROUP 


Prioniodus inutilis 
Prioniodus proclinatus 
Prioniodus spicatus 
Priontodus undosus 
Ligonodina deflecta 
Ligonodina falciformis 
Ligonodina hibbardi 
Ligonodina hindi 
Ligonodina magnidens 
Ligonodina panderi 
Ligonodina pectinata 
Hindeodella alternata 
Hindeodella subaequalis 
Lonchodina abnormis 
Lonchodina alternata 
Lonchodina arcuata 
Lonchodina bilateralis 
Lonchodina delicatula 
Lonchodina geniculata 
Lonchodina(?) increbescens 
Lonchodina paucidens 
Lonchodina peracuta 
Lonchodina perlonga 
Lonchodina(?) projecta 
Lonchodina(?) prona 
Lonchodina rectidens 
Lonchodina separata 
Lonchodina subangulata 
Lonchodina subrecta 
Lonchodina subsymmetrica 
Lonchodina transversa 
Lonchodina typicalis 
Prioniodina separata 
Prioniodina subcurvata 
Prioniodella aequidens 
Prioniodella inaequalis 
Prioniodella multidens 
Prioniodella normalis 
Bryantodus coalescens 
Bryantodus conjunctus 
Bryantodus crassidens 
Bryantodus curvatus 
Bryantodus inaequalis 
Bryantodus multidens 
Bryantodus nitidens 
Bryantodus normalis 
Bryantodus obliquus 
Bryantodus semiseparatus 
Bryantodus sinuatus 
Bryantodus transitans 
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Bryantodus tridentatus Apateacanthus vetustus 
Bryantodus typicus ?Gamphacanthus politus 
Euprioniodina bryanti Coccosteus parvulus 
Euprioniodina conferta Dinichthys pustulosus * 
Euprioniodina deflecta Dinichthys tenuidens 
Euprioniodina perangulata Stenognathus ringuebergi 
Hibbardella angulata Stenognathus dolichocephalus 
Hibbardella(?) confertissima Stenognathus mizeri 
Hibbardella multidens Dinomylostoma beechert 
Hibbardella subaequalis Dipterus(?) ithacensis 
Lonchodus coronatus Holoptychius halli™ 
Synprioniodina nasuta Rhadinichthys antiquus 
Polygnathus rimulatus Rhadinichthys devonicus 
Ancyrodella nodosa Rhadinichthys reticulatus 
Polygnathellus curvatus Plants 
Polygnathellus typicalis Archaeosigillaria vanuxemi 
“Fishes” Archaeosigillaria(?) simplicitas 
Phyllolepis elegans Archaeopteris jacksont ® 
Cladoselache eastmant Asterochlaena noveboracensis 
Acanthoéssus(?) pristis Psilophyton princeps 
Rhynchodus pertenuis Psilophyton robustum 
Atopacanthus dentatus Ormozylon ertanum 


NON-DIAGNOSTIC SPECIES 


First appearance—Cnidarians: Plumalina plumaria, Plumalina densa; Echino- 
derms: Melocrinus triciclas, Eutazocrinus alpha, Poteriocrinus clarkii alpha, 
Decadocrinus killawogensis, Decadocrinus rugistriatus; Brachiopods: Lingula 
complanata, Orbiculoidea magnifica, Crania centralis, Petrocrania(?) leonis, 
Schizophoria striatula, Leptostrophia nervosa, Schellwienella chemungensis (typ- 
ical form), Productella hirsuta, Productella lachrymosa, Productella speciosa, 
Marginifera(?) hallana, Camarotoechia stephani, Camarotoechia eximia, Cama- 
rotoechia contracta, Leitorhynchus sinuatum, Leiorhynchus globuliforme, Pugnax 
anisodonta, Pugnax anisodonta altus, Cryptonella eudora, Delthyris mesacos- 
talis(?),° Ambocoelia gregaria; Pelecypods: Lyriopecten tricostatus, Pterinea 
chemungensis, Leptodesma sociale, Mytilarca umbonata, Mytilarca carinata, 
Posidonia attica, Modiomorpha neglecta(?), Nucula diffidens, Palaeoneilo petila, 
Palaeoneilo filosa, Palaeoneilo brevis, Grammysia elliptica, Grammysia subar- 
cuata, Edmondia subovata, Spathella typica, Buchiola lupina, Buchiola conversa, 
Pinnopsis ornata, Pinnopsis acutirostra, Prochasma bickense, Honeoyea major, 
Schizodus chemungensis, Schizodus chemungensis quadrangularis, Glossites de- 
pressus ; Gastropods: Phragmostoma triliratum(?), Bucanopsis maera, Straparollus 
hecale, Lozonema styliola, Diaphorostoma rotundatum; Pteropods: Hyolithes 
neapolis, Conularia congregata; Cephalopods: Orthoceras thyestes, Orthoceras 


16 Reported also, but doubtfully, from the G dewa_ limest and the conodont bed 
(Genesee group). 

17 Reported also from the “Catskill?” of northern Pennsylvania, exact locality unknown. 

18 Archaeopteris sp., app tly A. jack i, occurs in the lower Onteora (Genesee?) at East 
Windham, Greene County, N. Y., and probably in the Kiskatom (Hamilton) of Greene County. 

19 Identifications of D. mesacostalis in the Ithaca are discredited by H. S. Williams. Its 
presence in the Enfield is more likely. 
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pacator, Orthoceras leander, Orthoceras demus, Poterioceras ajax, Poterioceras 
tumidum, Tornoceras bicostatum, Dipterocaris procne; “Fishes”: Bothriolepis 
minor, Bothriolepis nitida, Ctenacanthus chemungensis(?), Onchus rectus, Dinich- 
thys tuberculatus(?), Dinichthys intermedius(?), Callognathus serratus[?], Holo- 
nema rugosum, Sagenodus fleischert. 

Last appearance—Cnidarians: Aulopora annectens; Echinoderms: Eutazo- 
crinus ithacensis, Glossocrinus cornellianus, Lepidasterella babcocki; Bryozoans: 
Monotrypa fruticosa, Cystodictya gilberti, Cystodictya meeki, Cystodictya hamil- 
tonensis; Brachiopods: Barroisella subspatulata(?), Orbiculoidea doria(?), Schi- 
zobolus concentricus, Rhipidomella penelope, Leptaena rhomboidalis Strophalo- 
sia truncata," Camarotoechia congregata, Spirifer audaculus, Spirifer granulosus(?), 
Spirifer tullius, Spirifer pennatus, Delthyris consobrina, Reticularia laevis, Reti- 
cularia fimbriata, Ambocoelia umbonata, Martinia subumbona; Pelecypods: 
Actinopteria boydi, Actinodesma erectum, Leiopteria bigsbyi(?), Modiomorpha 
concentrica, Goniophora truncata(?), Goniophora subrecta, Goniophora carinata, 
Nucula lamellata, Leda obscura(?), Palaeoneilo plana, Palaeoneilo emarginata, 
Grammysia magna, Grammysia bisulcata(?), Chaenocardiola hemicardioides, 
Pterochaenia fragilis orbicularis, Paracyclas lirata, Pholadella radiata Gastro- 
pods: Phragmostoma incisum, Bucanopsis koeneni, Bucanopsis leda, Oxydiscus(?) 
rotalinea(?), Gyroma cognata, Bembezia sulcomarginata, Straparollus planodiscus, 
Gyronema multilira, Macrochilina pygmaea, Macrochilina hamilitoniae(?), Lozo- 
nema noe, Loxonema delphicola, Loxonema laeviusculum, Platyceras conicum(?), 
Anomphalus minutissimus; Pteropods: Tentaculites bellulus, Tentaculites graci- 
listriatus, Hyolithes aclis, Conularia crebristriata(?); Cephalopods: Orthoceras 
bebryz, Manticoceras simulator, Manticoceras perlatum, Probeloceras lutheri; 
Arthropods: Dipleura dekayi, Cryphaeus boothi, Phacops rana(?), Rhinocaris 
columbina, Rhinocaris scaphoptera, Echinocaris punctata, Estheria membra- 
nacea(?); Conodonts: Prioniodus alatus, Lonchodina erratica, Bryantodus 
immersus, Bryantodus radiatus, Polygnathus cristatus, Palmatolepis punctata, 
Gnathodus americanus; “Fishes”: Ptyctodus calceolus, Dinichthys newberryi(?), 
Dinichthys magnificus, Holonema abbreviatum, Onychodus hopkinsi; Plants: 
Archaeosigillaria primaeva, Archaeosigillaria(?) gaspiana, Eospermatopteris. 

Transient —Cnidarians: Zaphrentis; Echinoderms: Melocrinus clarkii, Arthra- 
cantha ithacensis, Eutaxocrinus curtus; Brachiopods: Lingula spatulata, Lingula 
ligea, Lingula punctata, Petrocrania hamiltoniae, Rhipidomella vanuremi, Stro- 
pheodonta demissa, Leptostrophia interstrialis, Tropidoleptus carinatus, Chonetes 
setigerus, Chonetes scitulus, Chonetes lepidus, Productella spinulicosta, Camaro- 
toechia sappho, Leiorhynchus multicosta, Letorhynchus quadricostatum, Letorhyn- 
chus mesacostale, Atrypa reticularis, Atrypa spinosa, Spirifer marcyi, Spirifer 
asper(?), Spirifer mesastrialis, Cyrtina hamiltonensis, Cyrtina hamiltonensis recta; 
Pelecypods: Modiomorpha subalata, Cypricardella bellistriata, Cypricardella gre- 
garia, Nucula bellistriata, Nucula corbuliformis, Leda diversa, Palaeoneilo con- 
stricta, Grammysia circularis, Buchiola scabrosa, Buchiola retrostriata, Paracardium 
doris, Pterochaenia fragilis, Honeoyea erinacea, Archanodon catskillensis; Gas- 
tropods: Phragmostoma natator, Porcellia nais, Gyroma capillaria, Trachydoma(?) 
praecursor ; Pteropods: Styliolina fissurella, Conularia continens(?) ; Cephalopods: 
“30 Returns in the Mississippian Waverly group, in the form Leptaena analoga. 

21 Reported also in the Danby? (basal Chemung) of Pennsylvania. 

2 But listed by Prosser once, with query, from the upper C go (Woodcock) near Mead- 
ville, Pa. 
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Orthoceras atreus, Bactrites aciculum, Bactrites gracilior, Tornoceras uniangulare, 
Gephyroceras pattersoni, Spathiocaris emersoni; Plants: Protosalvinia huronen- 
sis(?), Archaeopteris obtusa, Cordaites clarkii. 


It will be noted that the following genera appear nowhere else in these 
lists: Plectodiscus, Charientocrinus, Ptilonaster, Ectenodesma (char- 
acteristic of the Enfield), Paraptyx, Tropidocyclus, Beloceras, Acan- 
thoclymenia, Eleutherocaris, Asterochlaena, and Ormozxylon (scrive 
Hormoxylon), but it is not yet safe to assert that these genera are strictly 
confined to the Naples group, although they are clearly Upper De- 
vonian. Two-ninths of the Naples species (especially in the Ithaca por- 
tion) come up from the Hamilton, and forty per cent of these continue 
on; not much over one-ninth originate in the Genesee, and only thirty 
per cent of these persist beyond. Only a seventh of the Naples arrivals, 
and these chiefly of the Enfield, are found in the Chemung fauna, but 
these include such characteristically “Chemung” types as Schizophoria 
striatula, Leptostrophia nervosa, Productella lachrymosa, Camaro- 
toechia contracta, and other abundant long-range forms, not indicial of 
any particular group. Their numbers are sufficient, however, to brand 
the Naples as definitely Upper Devonian, with the probability that 
most of them will later be traced downward into the eastern Genesee. 

Other genera that make their debut in the Naples are Cradeocrinus, 
Eocidaris, Marginifera, Pugnaz, Edmondia, Spathella, Prochasma, 
Opisthocoelus, Sandbergeroceras, Ligonodina, Hibbardella, Synprioni- 
odina, Ancyrodella, Bothriolepis, Apateacanthus, Callognathus, Dino- 
mylostoma, Holonema, Sagenodus, Palaeoniscus, and Rhadinichthys, 
tying this fauna strongly to the Upper Devonian and the Mississippian. 
Yet in the long list of diagnostic forms there are no species so char- 
acteristic of the group as Spirifer pennatus posterus of the Ithaca and 
Leiorhynchus globuliforme of the Enfield, both of which are reported 
as ranging higher. 

Schizobolus, Actinodesma, Leptodomus, Modiella,”* and Polygnathel- 
lus go no farther. 


FAUNA 3. CHEMUNG GROUP 


In its type area the Chemung is divided by H. S. Williams into the 
Cayuta and the Wellsburg, limited upward by a conglomerate identified 
by him as the Fall Creek. Followed easterly, the Wellsburg becomes 
the Montrose red-beds, and the Cayuta the Catawissa reds. Westward, 
the Cayuta is the West Hill beds with the Grimes sandstone at base 
(Danby zone of the Cayuta), while the Wellsburg is the Highpoint 


23 Modiella(?) sp. has been reported, however, from the Mississippian Bedford shale by Prosser. 
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and the Prattsburg sandstones. On the Genesee River, the members are 
(a) Grimes, (b) Gardeau shale, (c) Letchworth shale with Table Rock 
sandstone at base, (d) Portage or Highpoint bluestones, and (e) Wiscoy 
shales, subdivided into Pipe Creek black shale, at bottom, and Hanover 
shales. On Lake Erie, all below the Pipe Creek is called Angola shale, 
having lost its sands and thinned greatly. All the upper, and major, 
part of what has long passed as the “Portage group” (correctly Nunda) 
is thus equivalent to the type Chemung, although wholly different in 


facies. 


DIAGNOSTIC SPECIES 
(Confined to the Chemung group) 


Sponges 
Dictyospongia haplea 
Dictyospongia siraea 
Hydriodictya patula 
Hydriodictya cylizx 
Prismodictya palaea 
Hydnoceras legatum 
Hydnoceras walcotti 
Hydnoceras gracile 
Hydnoceras tuberosum 
Hydnoceras tuberosum glossema 
Hydnoceras bathense 
Hydnoceras botroedema 
Hydnoceras avoca 
Hydnoceras phymatodes 
Hydnoceras hypastrum 
Hydnoceras eutheles 
Hydnoceras multinodosum 
Hydnoceras lutheri 
Hydnoceras rhopalum 
Hydnoceras variabile 
Rhabdisospongia amalthea 
Clathrospongia fenestrata 
Arystidictya elegans 
Arystidictya nodifera 
Clepsydrospongia matutina 
Hyphantaenia chemungensis 
Hallodictya cottoniana 
Actinodictya placenta 
Aglithodictya numulina 
Nepheliospongia typica 
Nepheliospongia avocensis 

Cnidarians 
Paropsonema cryptophyum 

Echinoderms 
Pterinocrinus quinquenodus 


Melocrinus naplesensis 
Melocrinus splendens 
Melocrinus lutheri 
Arthracantha depressa 
Arthracantha granosa 
Arthracantha splendens 
Eutazxocrinus amplus 
Iteacrinus flagellum 
Tteacrinus robustus 
Cradeocrinus elongatus 
Glossocrinus naplesensis 
Liparocrinus batheri 
Liparocrinus halli 
Catactocrinus leptodactylus 
Corematocrinus plumosus 
Logocrinus infundibuliformis 
Clarkeaster perspinosus 
Lepidasterina gracilis 
Urasterella lutheri 
Urasterella stella 
Urasterella schucherti 
Eugasterella bicatenulata 
Eugasterella aranea 
Encrinaster pusillus 
Klasmura mirabilis 
Klasmura clavigera 
Bryozoans 
Lioclema occidens 
Brachiopods 
Dalmanella danbyi 
Dalmanella carinata 
Dalmanella infera 
Dalmanella superstes 
Schizophoria macfarlanii 
Douvillina mucronata (cayuta) 
Douvillina arcuata 


XXII—BULL. Grou. Soc. AM., VoL. 46, 1935 
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Douvillina variabilis 
Stropheodonta calvini (ezilis) 
Strophonella coelata 
Strophonella reversa 
Leiorhynchus robustum 
Leiorhynchus lesleyi 
Pugnaz triangularis 
Spirifer orestes 
Pelecypods 
Aviculopecten plenus 
Lyriopecten magnificus 
Pterinopecten strictus 
Pterinea interstrialis 
Pterinea consimilis 
Pterinea rigida 
Pterinea prora 
Pterinea (Vertumnia) reversa 
Pterinea (Vertumnia) avis 
Actinopteria auriculata 
Leiopteria chemungensis 
Leiopteria linguiformis 
Leptodesma shumardi 
Leptodesma robustum 
Leptodesma agassizi 
Leptodesma medon 
Leptodesma cadmus 
Leptodesma creon 
Leptodesma demus 
Leptodesma lozias 
Leptodesma hector 
Leptodesma truncatum 
Leptodesma nereus 
Leptodesma alatum 
Leptodesma lesleyi 
Leptodesma flaccidum 
Leptodesma propinquum 
Leptodesma quadratum 
Byssopteria radiata 
Mytilarca attenuata 
Goniophora chemungensis 
Palaeoneilo angusta 
Palaeoneilo bisulcata 
Ptychodesma minus 
?Conocardium reliquum 
Puella robusta 
Ontaria pontiaca 
Buchiola angolensis 
Buchiola priimiensis 
Pinnopsis wiscoyensis 
Prochasma enode 


Paracyclas rotunda 
Cimitaria angulata 
Orthonota rigida 
Cypricardinia arcuata 
Gastropods 
Diaphorostoma rotundatum 
Holopea(?) macrostoma 
Gyronema(?) concinnum 
Loxonema terebra 
Lozonema larum 
Loxonema postremum 
Loxonema multiplicatum 
Straparollus hecale corpulens 
Pleuronotus tioga 
Gyroma(?) apicialis 
Phragmostoma triliratum 
Protowarthia(?) obsoleta 
Cephalopods 
Bactrites subfleruosus(?) 
Gephyroceras vagans 
Gephyroceras sororium 
Gephyroceras ory 
Manticoceras cataphractum 
Tornoceras rhysum 
Chiloceras sp. 
Sandbergeroceras chemungense 
Sandbergeroceras chemungense equicos- 
tatum 
Spathiocaris lata 
Dipterocaris pennae-daedali 
Dipterocaris pes-cervae 
Annelids? 
Protonympha devonica 
Palaeochaeta salicifolia 
Arenicolites duplex 
Coleolus(?) gracilis 
Arthropods 
Phacops nupera 
Cyphaspis laevis 
Goldius senescens 
Entomis serratostriata 
Entomis variostriata 
Stylonurus lacoanus 
Stylonurus(?) wrightianus 
“Fishes” 
Coccosteus macromus 
Holonema horridum 
Phyllolepis delicatula 
Palaedaphus lesleyi 
Holoptychius filosus 
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Holoptychius tuberculatus Thamnocladus clarkit 
Glyptopomus sayrii Archaeosigillaria(?) chemungensis 
Plants Archaeosigillaria(?) corrugata 
Taeniocrada lesquereuxi Rhachiopteris cyclopteroides 
Taeniocrada(?) lineata Rhachiopteroides pinnatus 
Taeniocrada(? ) chondriformis Dictyocordaites lacoti 


NON-DIAGNOSTIC SPECIES | 


Since the Chemung closes the Senecan, the other species that go no 
farther are catalogued next, completing the list of those that do not 
cross into the Chautauquan. 


Last appearance —Cnidarians: Cladochonus sp., Zaphrentis simplex(?), Plumalina 
plumaria ; Echinoderms: Melocrinus clarkii, Melocrinus triciclas, Arthracantha itha- 
censis, Eutaxocrinus alpha, Eutaxocrinus curtus, Decadocrinus killawogensis, Deca- 
docrinus rugistriatus ; Brachiopods: Lingula complanata, Lingula spatulata, Lingula 
ligea, Orbiculoidea magnifica, Crania centralis, Petrocrania hamiltoniae, Rhip- 
domella leucosia(?), Leptostrophia perplana, Leptostrophia nervosa, Leptostrophia 
interstrialis, Douvillina inaequistriata, Tropidoleptus carinatus, Productella spinu- 
licosta, Marginifera(?) hallana, Letorhynchus sinuatum, Pugnax anisodonta, 
Pugnaz anisodonta altus, Spirifer marcyi, Spirifer subattenuatus, Spirifer bimesi- 
alis, Cyrtina hamiltonensis; Pelecypods: Pterinea flabellum, Pterinea chemun- 
gensis, Mytilarca umbonata, Mytilarca carinata, Posidonia attica, Modiomorpha 
neglecta, Modiomorpha subalata, Cypricardella bellistriata, Cypricardella tenuis- 
triata, Nucula bellistriata, Nucula corbuliformis, Nucula diffidens, Leda diversa, 
Palaeoneilo filosa, Palaeoneilo petila, Grammysia circularis, Sphenotus solenoides, 
Ontaria suborbicularis, Buchiola scabrosa, Buchiola lupina, Paracardium doris, 
Pinnopsis ornata, Pinnopsis acutirostra, Pterochaenia fragilis, Honeoyea erinacea, 
Honeoyea major, Orthonota parvula, Archanodon catskillensis; Gastropods: 
Porcellia nais, Gyroma capillaria, Diaphorostoma pugnus, Phragmostoma natator, 
Ptomatis(?) rudis; Pteropods: Conularia congregata; Cephalopods: Orthoceras 
atreus, Orthoceras thyestes, Orthoceras pacator, Poterioceras ajax, Bactrites 
aciculum, Bactrites gracilior, Spathiocaris emersoni, Dipterocaris procne; Anne- 
lids?: Taonurus cauda-galli; “Fishes”: Bothriolepis minor, Holonema rugosum, 
Oéstophorus lilleyi; Plants: Archaeopteris hallana, Archaeopteris obtusa, Cordaites 


clarki. 
The comparatively few species that cross over into the Chautauquan 
are those of the two remaining lists. 


First appearance——Sponges: Prismodictya primatica(?), Botryodictya ramosa, 
Ceratodictya cincta, Ceratodictya annulata, Thysanodictya rudis, Cryptodictya 
alleni; Echinoderms: Anamesocrinus lutheri, Poteriocrinus clarkii; Brachiopods: 
Orbiculoidea elmira, Dalmanella tioga, Dalmanella tioga elmira, Productella boydi, 
Productella rarispina, Productella lachrymosa lima, Productella costatula, Produc- 
tella arctirostrata, Atrypa hystrix, Spirifer disjunctus; Pelecypods: Aviculopecten 
striatus[?], Lyriopecten anomiaeformis, Leptodesma spinigerum, Leptodesma 
longispinum, Leptodesma protextum, Leptodesma becki, Leptodesma potens(?), 
Leptodesma potens juvens(?), Leptodesma billingsi(?), Leptodesma stephani(?),™ 


% K,. E. Caster thinks this occurs also in the Ithaca beds (Naples group). 
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Leptodesma jason, Leptodesma lichas, Posidonia mesacostalis, Parallelodon che- 
mungensis, Edmondia philipi, Edmondia tumidula, Sphenotus(?) undatus, Prae- 
cardium duplicatum, Pinnopsis libum, Lunulicardium suppar, Schizodus oblatus, 
Schizodus rhombeus, Glossites lingualis ; Gastropods: Phragmostoma chautauquae ; 
Cephalopods: Gephyroceras rhynchostoma; Annelids or Phoronids?: Scolithus 
verticalis; “Fishes”: Dinichthys tuberculatus(?), Aspidichthys clavatus(?), Dip- 
terus flabelliformis(?). 

Transient—Brachiopods: °Petrocrania leonis, Schizophoria striatula, Stropheo- 
donta demissa, Schellwienella chemungensis, Chonetes setigerus, Chonetes scitulus, 
Chonetes lepidus, Productella hirsuta, Productella lachrymosa, Productella spe- 
ciosa, Camarotoechia stephani, Camarotoechia contracta, Leiorhynchus multicosta, 
Leiorhynchus mesacostale, Leiorhynchus globuliforme, Cryptonella eudora, Atrypa 
reticularis, Atrypa spinosa, Spirifer mesastrialis, Delthyris mesacostalis, Ambo- 
coelia gregaria, °Cyrtina hamiltonensis recta; Pelecypods: Lyriopecten tricostatus, 
°Leptodesma sociale, Cypricardella gregaria, Palaeoneilo constricta, Palaeoneilo 
brevis, Grammysia elliptica, Grammysia subarcuata, Edmondia subovata, Sphe- 
notus arcaeformis(?), Spathella typica, Buchiola conversa, Prochasma bickense, 
Schizodus chemungensis, Schizodus chemungensis quadrangularis, Glossites 
depressus ; Gastropods: Bucanopsis maera, Straparollus hecale, Loxonema styliola, 
Trachydoma(?) praecursor; Pteropods: Hyolithes neapolis, Styliolina fissurella; 
Cephalopods: Gephyroceras pattersont, Tornoceras bicostatum; “Fishes”: Ctena- 
canthus chemungensis. Species marked ° are as yet unknown in the Chemung. 


Genera not yet reported outside of the Chemung are Rhabdisospongia, 
Arystidictya, Clepsydrospongia, Hyphantaenia, Actinodictya, Aglitho- 
dictya, Nepheliospongia, Paropsonema, Pterinocrinus, Iteacrinus, Lipa- 
rocrinus, Catactocrinus, Corematocrinus, Clarkeaster, Lepidasterina, 
Klasmura, Byssopteria, Chiloceras, Protonympha, Palaeochaeta, Phyl- 
lolepis, Oéstophorus, Palaedaphus, Glyptopomus, Taeniocrada, Tham- 
nocladus. To these may be added those peculiar to, or terminating 
with, the Genesee and the Naples groups respectively and the following 
list of other genera terminating in the Chemung, to get the full count 
of those that do not cross the Senecan-Chautauquan line: Melocrinus, 
Arthracantha, Cradeocrinus, Glossocrinus, Logocrinus, Urasterelia, 
Eugasterella, Encrinaster, Dignomia?, Leptostrophia, Douvillina, Stro- 
phonella, Tropidoleptus, Actinopteria,*> Vertumnia, Ptychodesma,”® 
Puella, Paracardium, Honeoyea, Cimitaria, Archanodon, Pleuronotus, 
Gyroma, Protowarthia, Bactrites, Manticoceras, Sandbergeroceras, 
Dipterocaris, Phacops, Cyphaspis, Goldius, Entomis. Genera that do 
not appear again until the post-Devonian are Cladochonus, Decado- 
crinus, Lioclema, Crania, Pugnax, Leda, Pholadella, Orthonota, Cypri- 
cardinia, Elymella?, Diaphorostoma, Holopea, Gyronema, Coccosteus. 

The only genera originating in the Chemung that carry onward are 
the sponges Hydriodictya, Prismodictya, Hydnoceras, Botryodictya, 

% But Actinopteria sp. is reported by Kindle as rare in the highest Canadaway faunule at 


Tioga, Pa., which is in the Gowanda beds. 
% Ptychodesma? n. sp., however, is listed from the Mississippian Bedford shale. 
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Ceratodictya, Thysanodictya, Hallodictya, Cryptodictya, the crinoid 
Anamesocrinus, the clam Praecardium. 

The indicial species of the Chemung is not Spirtfer disjunctus but, 
as pointed out by Williams and Kindle, Dowvillina mucronata and 
Strophonella coelata, genera which with Leptostrophia and Tropi- 
doleptus became extinct at the close of the Chemung.?? 


FAUNA 4. CANADAWAY GROUP 


On Canadaway creek the members of this group are (a) Dunkirk 
black shale, (b) Gowanda beds, formerly Portland (preoccupied), (c) 
Laona sandstone, (d) Westfield shale, (e) Shumla sandstone, (f) North- 
east shale, the “Portage” of Erie County, Pa. On the Genesee River, 
the Dunkirk is passing into the Canaseraga sandstone phase, sometimes 
included in the Prattsburg sandstones still farther east; the Gowanda 
assumes a “Chemung” facies, locally the Caneadea shale; the Laona 
and Shumla combine into the Rushford sandstones; the Northeast has 
long since become the Machias beds of “Chemung” facies. In Tioga 
County, Pa., all pass above the true Chemung; the Dunkirk includes 
the Fall Creek conglomerate, the Gowanda embraces the Mansfield 
iron ores (perhaps in part Dunkirk) and the Blossburg red-beds (con- 
tinental), while the Rushford and a Machias remnant become the 
“Pocono” (or “Oswayo”) continental beds bevelled across by the Potts- 
ville. The change from Senecan to Chautauquan is marked by the 
extinction of Douvillina, Leptostrophia and Strophonella and the in- 
coming of Athyris angelica, as described by Williams and Kindle. Far- 
ther west, in the “Naples” facies, it is shown by loss of Paracardium, 
Honeoyea and Bactrites, with substitution of Huthydesma, Loxopteria 
and Kochia. 

DIAGNOSTIC SPECIES 


(Confined to the Canadaway group) 


Sponges Hydnoceras nodosum 
Dictyospongia almondensis Hydnoceras eumeces 
Prismodictya banano Helicodictya(?) scio 
Prismodictya ptionia Ceratodictya zonata 
Prismodictya cithara Clathrospongia vascellum 
Prismodictya narthecia Clathrospongia(?) tomaculum 


27 A moral that might be drawn from this compilation concerns the danger inherent in giving 
formational names to species. The following are unknown in the true Chemung: Mytilarca 
chemungensis and Paracyclas chemungensis (of the Chautauquan), Modiomorpha subalata chemun- 
gensis (of the Ithaca), Syringothyris terta chemungensis (of the Conewango) and probably Letop- 
teria chemungensis (supposedly Enfield). There are also Productella tullia and Spirifer tullius, 
which (to date) are Moscow only, not Tully, and Lozopteria intumescentis from the Canadaway 
not the Naples (‘‘Intumescens zone’). Moreover, Melocrinus naplesensis and Glossocrinus naple- 
sensis, from near Naples village, are from the Chemung group, above the true Naples shales. 
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Clathrospongia(?) desmia 
Hallodictya sciensis 
Cnidarians 
Plumalina densa 
Echinoderms 
Eutazocrinus pulcher 
Tazxocrinus communis * 
Hallocrinus ornatissimus 
Maragnicrinus portlandicus 
Lepidodiscus alleganius 
Brachiopods 
Lingulipora sp. 
Spirifer williamsi 
Pelecypods 
Aviculopecten dolabriformis 
Aviculopecten squama 
Aviculopecten convexus 
Aviculopecten signatus 
Lyriopecten polydorus 
Pterinopecten imbecilis 
Pterinopecten dispandus 
Crenipecten amplus 
Crenipecten obsoletus 
Crenipecten glaber 
Crenipecten micropterus 
Pterinea dispanda 
Leptodesma lepidum 
Leptodesma extenuatum 
Leptodesma clitus 
Leptodesma corydon 
Leptodesma pelops 
Leptodesma orcus 
Leptodesma lysander 
Leptodesma aliforme 
Leptodesma aviforme 
Leptodesma patulum 
Leptodesma complanatum 
Leptodesma arciforme 
Leptodesma phaon 
Pteronites rostratus 
Pteronites inoptatus 
Posidonia venustula nitidula 
Kochia ungula 
Lozopteria dispar 
Lozopteria laevis 


Lozopteria vasta 
Lozopteria intumescentis 
Lozopteria corrugata 
Modiomorpha rigida 
Modiomorpha recurva 
Palaeoneilo brevicula 
Palaeoneilo linguata 
Euthydesma subteztile 
Elasmatium gowandense 
Cardiomorpha obliquata 
Conocardium gowandense 
Praecardium vetustum 
Praecardium melletes 
Praecardium multicostatum 
Ontaria concentrica 
Pinnopsis accola 
Chaenocardiola eriensis 
Chaenocardiola furcata 
Prochasma absegmen 
Lunulicardium beushausent 
Paracyclas chemungensis 
Schizodus gregarius 
Prothyris alata 
Glossites rudicula 
Glossites procerus 
Glossites patulus 
Gastropods 
Bellerophon nactus 
Callonema filosum 
Loxonema danai 
Euryzone itylus 
Cephalopods 
Lozoceras(?) expositum 
Poterioceras nasutum 
Gephyroceras domanicense( ? ) 
Annelids 
Eunicites anchoralis 
Eunicites caulis 
Eunicites mutabilis 
Oenonites grandidentatus 
Arabellites alfredensis 
Arabellites spatiosioris 
Arabellites latus 
Arabellites bipennis 


2% Probably a new species, as T. communis is from the Mississippian Cuyahoga shale. 


® Awaiting confirmation of the report of this species also in the Naples beds at Mount 


Morris, N. Y. 


A nomen nudum, preoccupied by Meek, 1872, and the specimens doubtfully conspecific. 
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Nereidavus perlongus Dipterus contraversus 
Arthropods Sauripterus taylori ™ 
Echinocaris condylepis Holoptychius giganteus 
Pephricaris horripilata Holoptychius radiatus 
“Fishes” Holoptychius “nobilissimus” (?) 
Dipterus sherwoodi (D. radiatus) Holoptychius serrulatus 


NON-DIAGNOSTIC SPECIES . 

First appearance—Sponges: Dictyospongia sceptrum, Hydriodictya nephelia, 
Prismodictya allegania, Prismodictya choanea, Prismodictya aulophia, Hydnoceras 
anthracis, Thysanodictya edwin-halli, Thysanodictya poecilus, Thysanodictya 
hermenia, Thysanodictya apleta; Brachiopods: Orbiculoidea alleghania, Dalma- 
nella leonensis, Rhipidomella pennsylvanica, Productella hirsuta rectispina, Pro- 
ductella stigmata, Productella onusta, Strophalosia hystricula, Romingerina julia, 
Spirifer disjunctus sulcifer, Athyris angelica, Athyris polita; Pelecypods: Avicu- 
lopecten rugaestriatus, Aviculopecten duplicatus, Aviculopecten cancellatus,” 
Pterinopecten crenicostatus, Pterinopecten neptunus, Pterinopecten suborbicu- 
laris, Crenipecten crenulatus, Mytilarca chemungensis, Modiomorpha quadrula, 
Palaeoneilo elongata,” Grammysia communis, Sphenotus contractus, Sphenotus 
clavulus; “Fishes”: Gyracanthus sherwoodi, Dipterus nelsoni. 

Last appearance.—Sponges: Botryodictya ramosa, Ceratodictya cincta, Crypto- 
dictya alleni; Echinoderms: Anamesocrinus lutheri; Brachiopods: Orbiculoidea 
media, Orbiculoidea elmira, Productella rarispina, Cryptonella eudora, Atrypa 
reticularis, Spirifer mesastrialis, Cyrtina hamiltonensis recta; Pelecypods: Avi- 
culopecten striatus, Lyriopecten tricostatus, Leptodesma lichas, Leptodesma jason, 
Posidonia mesacostalis, Palaeoneilo constricta, Grammysia elliptica, Edmondia 
tumidula, Spathella typica, Buchiola conversa, Praecardium duplicatum, Pinnopsis 
libum, Prochasma bickense, Lunulicardium suppar, Glossites lingualis, Glossites 
depressus(?); Gastropods: Bucanopsis maera, Phragmostoma chautauquae, T'ra- 
chydoma(?) praecursor, Loxonema styliola; Pteropods: Styliolina fissurella, 
Hyolithes neapolis; Cephalopods: Orthoceras demus,“ Tornoceras bicostatum, 
Gephyroceras pattersoni, Gephyroceras rhynchostoma; “Fishes”: Bothriolepis 
nitida, Saaenodus fleischeri. Holoptuchius americanus, Holonema rugosum. 

Transient—Echinoderms: Poteriocrinus clarkii, Poteriocrinus clarkit alpha; 
Brachiopods: Petrocrania leonis, Dalmanella tioga, Rhipidomella vanuzemi(?), 
Schizophoria striatula, Stropheodonta demissa, Schellwienella chemungensis, 
Chonetes setigerus, Chonetes scitulus, Chonetes lepidus, Productella hirsuta, Pro- 
ductella boydi, Productella lachrymosa, Productella lachrymosa lima, Productella 
speciosa, Productella costatula, Productella arctirostrata, Camarotoechia stephani, 
Camarotoechia contracta, Camarotoechia sappho, Leiorhynchus multicosta, Leio- 
rhynchus mesacostale, Atrypa spinosa, Atrypa hystrix, Spirifer disjunctus, Del- 
thyris mesacostalis,* Ambocoelia gregaria, Athyris cora; Pelecypods: Aviculo- 
pecten striatus, Leptodesma protertum, Leptodesma becki, Leptodesma potens, 
® The report of this species from the Kiskatom (Hamilton) at Palenville is improbable. 

* But reported once from the Grimes and the West Hill (lower Chemung) of Naples, N. Y. 

33 Reported once, however, doubtfully from the lower Chemung (Danby?) of Pennsylvania. 

% Reported also once, doubtfully, from the Wolf Creek conglomerate (basal Conewango). 


% Delthyris mesacostalis has never been reported save once (and that likely a misprint for 
Leiorhynchus mesacostale) above the Cuba sandstone (basal Conneaut). 
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Palaeoneilo brevis, Parallelodon chemungensis, Grammysia subarcuata, Edmondia 
philipi, Edmondia subovata, Schizodus rhombeus ; Gastropods: Straparollus hecale. 


Genera restricted as yet to the Canadaway are Hallocrinus, Maragni- 
crinus, Kochia, Loxopteria, Euthydesma, Elasmatium, Pephricaris, and 
Sauripterus. Those newly appearing are, in addition, Lepidodiscus, 
Oehlertella, Romingerina, Crenipecten, and Pteronites, all of which 
continue into the Mississippian. The range of these should be specially 
noted, in connection with the fact that the containing sediments here 
have always been considered as typical Chemung, when the claim of 
Mississippian age for the Conewango beds is urged. 

Genera making their last appearance in the Canadaway are Botry- 
odictya, Hallodictya, Cryptodictya, Plumalina, Anamesocrinus, Prae- 
cardium, Ontaria, Pinnopsis, Chaenocardiola, Prochasma, Phragmos- 
toma, Callonema, Euryzone, Styliolina, Loxoceras, Gephyroceras 
Bothriolepis,* Holonema. Others that reappear only in the latest 
Devonian or post-Devonian are Clathrospongia, Eutazocrinus, Linguli- 
pora, Cyrtina, Trachydoma, Loxonema, and Hyolithes, with Spirifers 
of the Adolfia group (except S. asper?). 

In evaluating the Canadaway, with its comparatively smaller faunal 
list, it must be kept in mind that it has not yet had the same intensive 
collecting as the Ithaca and the Chemung beds in their vicinity to 
Cornell University. Nevertheless, there is evident a marked progress 
away from the Middle Devonian inheritance and toward the Missis- 
sippian affinities that color the later Devonian. 


FAUNA 5. CONNEAUT GROUP. 


On the Ohio-Pennsylvania line, the lower Chagrin beds transected 
by Conneaut Creek include from the base of the Girard shale to the top 
of the succeeding Chadakoin beds or “Chemung” of northwest Pennsyl- 
vania. Eastward, in New York, the barren Girard becomes the fossil- 
iferous Volusia member, and two sandstones appear in the succession, 
which near Olean, N. Y., consists of (a) Cuba sandstone, (b) Volusia 
beds, (c) Hinsdale sandstone, (d) Chadokain beds. Already there are 
red interfingerings, so that the continental facies is soon entered, the 
‘upper member being mistaken at length for “Oswayo” in eastern Potter 
County, Pennsylvania, before being bevelled out by the Pottsville 
above. The fauna is particularly marked by the advent of Camarotoe- 
chia (?) duplicata, while retaining Athyris angelica. 

% The report of Bothriolepis minor? and B. sp? in the lower Cattaraugus needs confirmation. 
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DIAGNOSTIC SPECIES 
(Confined to the Conneaut group) 


Sponges Camarotoechia contracta robusta 
Dictyospongia charita Camarotoechia sazatilis 
Dictyospongia lophura Leiorhynchus clarkit 
Dictyospongia eumorpha Leiorhynchus ashtabulense 
Prismodictya telum Leiorhynchus newberryt 
Prismodictya baculum Pelecypods 
Prismodictya spectabilis Aviculopecten itys 
Prismodictya parallela Aviculopecten tenuis 
Prismodictya corynia Avicu lope cten “ae quilata” 
oe filitextilis Lyriopecten fasciatus 

ictya amicitiae Crenipecten liratus 
Gengele Oleanella®™ alpha 
Helicodictya trypania Oleanella beta 
Hydnocerina armstrongi Leptodesma mortont 
Ceratodictya carpenteriana Leptodesma umbonatum 
Ceratodictya centeta Leptodesma umbonatum depressum 
Armstrongia oryx Pteronites profundus 
Thysanodictya saccus Mytilarca lata 
Thysanodictya johnstoni Edmondia transversa 
Thysanodictya quasillum Phthonia truncata 
Thysanodictya scyphina Sanguinolites(?) undulatus 
Thysanodictya turricula Sanguinolites(?) subtruncatus 
Cryptodictya tylea Cephalopods 
Ozospongia johnstoni Tornoceras edwin-halli 

Brachiopods “Fishes” 
Camarotoechia(?) duplicata Dinichthys armstrongi 


NON-DIAGNOSTIC SPECIES 


To bring out the alliance of the Conneaut with the Canadaway, the 
list of species that here terminate is next given. Species confined to the 
Chautauquan are starred (*). 


Last appearance.—Sponges: *Dictyospongia sceptrum, *Hydriodictya nephelia, 
*Prismodictya allegania, *Prismodictya choanea, *Prismodictya aulophia, *Hyd- 
noceras anthracis, Ceratodictya annulata, *Thysanodictya edwin-halli, *Thysano- 
dictya poecilus, Thysanodictya rudis, *Thysanodictya hermenia, *Thysanodictya 
apleta; Brachiopods: Lingula scutella(?), Petrocrania leonis, Stropheodonta 
demissa, Productella costatula, Leiorhynchus globuliforme(?), Atrypa spinosa(?) ; 
Pelecypods: *Aviculopecten rugaestriatus, *Aviculopecten duplicatus, *Aviculo- 
pecten cancellatus, Aviculopecten striatus, *Pterinopecten crenicostatus, *Pterino- 
pecten neptunus, *Crenipecten crenulatus, Leptodesma becki(?), Leptodesma 
potens, Leptodesma potens juvens, Leptodesma proteztum(?), Leptodesma sociale, 


87K. E. Caster states (in litt.) that his Actinopteria alpha and A. beta belong in Oleanella, and 
in Chadakoin beds. 


{ 
| 
{ 
j 
j 
i 
| 
j 
} 
H 
} 
ie 


328 G. H. CHADWICK—FAUNAL DIFFERENTIATION IN UPPER DEVONIAN 


*Mytilarca chemungensis, *Modiomorpha quadrula, Cypricardella gregaria, Palaeo- 
neilo brevis, *Palaeoneilo elongata, Grammysia subarcuata, *Grammysia com- 
munis, Edmondia subovata, Edmondia philipi, Pterochaenia fragilis(?), Buchiola 
retrostriata, Schizodus oblatus; Cephalopods: Poterioceras tumidum. 

First appearance—Sponges: Prismodictya prismatica™; Brachiopods: Produc- 
tella striatula; Pelecypods: Lyriopecten alternatus, Leptodesma mortoni, Lepto- 
desma mytiliforme, Mytilarca gibbosa, Palaeoneilo bedfordensis. 

Transients, acutally reported—Brachiopods: Dalmanella leonensis, Dalmanella 
tioga, Dalmanella tioga elmira, Schizophoria striatula, Schellwienella chemun- 
gensis, Chonetes scitulus, Chonetes lepidus, Productella arctirostrata, Productella 
speciosa, Productella lachrymosa, Productella lachrymosa lima, Productella stig- 
mata, Productella boydi, Productella hirsuta, Strophalosia hystricula, Camaro- 
toechia contracta, Camarotoechia stephani, Leiorhynchus mesacostale(?), Romin- 
gerina julia, Atrypa hystrix, Spirifer disjunctus, Ambocoelia gregaria, Athyris 
angelica, Athyris polita; Pelecypods; Pterinopecten suborbicularis, Leptodesma 
stephani, Parallelodon chemungensis, Sphenotus contractus, Sphenotus clavulus, 
Schizodus rhombeus; Gastropods: Straparollus hecale; “Fishes”: Ctenacanthus 
chemungensis, Gyracanthus sherwoodi. 


A number of other species, known to occur both above and below, 
will doubtless be found here on further collecting. Moreover, the 
“Naples” facies of these beds, lying chiefly beyond New York State has 
not been carefully explored and may eventually yield as rich a fauna as 
the corresponding facies of the lower groups has already afforded. For 
the present, however, the Conneaut has the smallest reported biota of 
these Upper Devonian groups, which, even if united with the Canada- 
way, would not equal those of the Chemung or the Naples. That more 
than half of its unique forms are sponges is an indication of how little 
known the contents of the Conneaut are, and what opportunities remain 
for the collector. 

Genera not known outside of the Conneaut are Gongylospongia, 
Hydnocerina, Armstrongia, and Ozospongia, sponges only. The only 
others known to make their debut here are Sanguinolites, of the Missis- 
sippian prodromes, and Oleanella. Genera that terminate are Hydnoce- 
ras, Ceratodictya, Stropheodonta, Delthyris, Pterochaenia, Buchiola, 
Tornoceras. Others that are unknown in the Conewango but reappear 
above it are Dictyospongia, Pteronites, Modiomorpha, Cypricardella, 
Palaeoneilo. The affinities of the group are plainly stronger with the 
Canadaway than with the Conewango above. 


FAUNA 6. CONEWANGO GROUP 


The Conewango group needs no redefinition, as it was erected to com- 
prise the Cattaraugus and the Oswayo beds (of Glenn and Butts, not 
of Fuller) of southern New York, and the equivalent Venango and 


% But Prismodictya cf. prismatica has been reported from the Chemung near Naples, N. Y. 
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Riceville of Pennsylvania. The latter (Venango and Riceville) are 
wholly in the marine “Chemung” facies and include (a) LeBoeuf sand- 
stone, the Panama conglomerate of New York, (b) Amity shale, (c) 
Millers sandstone, (d) Saegerstown shale, (e) Woodcock sandstone, 
(f) Riceville shale. The Cattaraugus, on the other hand, is entering the 
continental phase, red-beds, into which it passes fully before being 
bevelled out in Potter County, Pennsylvania. At Olean, New York, it 
includes a basal (Wolf Creek) conglomerate, a medial (Salamanca) 
conglomerate or sandstone, and a higher (Tunangwant) conglomerate, 
but these are not yet satisfactorily correlated with the three Venango 
sands. The Oswayo is still marine above the Cattaraugus, at Olean, 
and does not continue far east of there, having nothing to do with the 
continental beds farther east (all older) termed Oswayo by Fuller. 
In the following list, an asterisk (*) marks those species which possibly 
are in post-Devonian strata, but this is still uncertain. 


DIAGNOSTIC SPECIES 
(Except as explained beyond) 


Sponges Aviculopecten celsus 
Tylodictya warrenensis * Aviculopecten patulus 
Tylodictya(? ) tenuis * Aviculopecten ellipticus 
Helicodictya(?) concordia Aviculopecten incultus 
Clathrospongia abacus * Lyriopecten solox 
Thysanodictya randalli Crenipecten impolitus 
Thysanodictya expansa * Ptychopteria proto 
Ectenodictya impleza * Ptychopteria sinuosa 

Ptychopteria salamanca 
Agelacrinus buttsi Ptychopteria sao 
Agelacrinus beecheri * Ptychopteria eucrate 

Brachiopods Ptychopteria thetis 
Oehlertella incerta = Ptychopteria falcata 
Productella bialveata Ptychopteria spio 
Strophalosia Ptychopteria eudora 
Camarotoechia orbicularis diate 
Camarotoechia allegania 
Letorhynchus chagrinanum Ptychop trigonalie 
Leiorhynchus ohioense Plychop tore elongata 
Syringothyris texta chemungensis Ptychop tera galene : 
Syringothyris randalli * Ptychopteria beechert 
Cyrtia alta Ptychopteria spatulata 
Reticularia praematura Ptychopteria lata 
Rhynchospirina scansa * Ptychopteria perlata 
Meristella incerta Ptychopteria thalia 

Pelecypods Ptychopteria gibbosa 
Aviculopecten aequilateralis Ptychopteria lobata 


XK. E. Caster (in litt.) now refers his Archinacella(?) incerta to Oehlertella. 
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Ptychopteria vanuzemi“ 
Oleanella expansa 

Oleanella expansa gamma 
Leiopteria torreyi 
Leptodesma disparile 
Leptodesma curvatum 
Leptodesma mentor * 
Leptodesma mentor orodes * 
Leptodesma mentor rude * 
Leptodesma mentor biton * 


Leptodesma mentor maclurii * 
Leptodesma mentor sulcatum * 
Leptodesma mentor maximum * 


Leptodesma mentor alpha * 
Leptodesma ruedemanni * 
Leptodesma cariniferum * 
Leptodesma acutirostrum 
Pegasella ales 

Mytilarca simplex 
Mytilops praecedens 
Mytilops metella 
Goniophora curvata 
Goniophora(?) ruedemanni 
Nucula globularis 
Grammysia glabra 
Grammysia undata 
Grammysia duplicata 
Grammysia(?) subnasuta 
Edmondia rhomboidea 
Sphenotus(?) arcuatus 
Sphenotus palmerae 
Pararca transversa 
Pararca sao 

Pararca venusta 

Pararca neglecta 

Pararca erecta 

Paracyclas ignota 
Paracyclas erecta 
Prothyris eruta 

Phthonia nitida 
Palaeanatina typa 
Palaeanatina solenoides 
Palaeanatina angusta 


Palaeanatina sinuata 
Prorhynchus quadratum 
Prorhynchus nasutum 
Prorhynchus angulatum 
Prorhynchus obsoletum “ 
Prorhynchus parallelum @ 
Prorhynchus peneplanum * 
Gastropods 
Phymatifer stebos 
Platyceras dorsale * 
Platyceras breve * 
Platyceras striatum * 
Platyceras inaequale * 
Platyceras mitelliforme * 
Platyceras varians * 
Platyceras ruedemanni * 
Cephalopods 
Orthoceras warrenense “ 
Spyroceras(?) bipartitum 
Lozoceras(?) consortale 
Cyclostomiceras(?) hector 
Spathiocaris chagrinensis 
Arthropods 
Echinocaris socialis 
Elymocaris siliqua 
Tropidocaris bicarinata 
Tropidocaris interrupta 
Eurypterus approximatus * 
Stylonurus beecheri 
Protolimulus eriensis 
Prestwichia randalli 
Incertae sedis 
Prospirazxis major 
Prospirazis randalli 
Hippodophycus cowlest 
“Fishes” 
Cladodus coniger “ 
Helodus gibberulus © 
Homacanthus acinaciformis 
Ctenacanthus harrisi 
Dinichthys tuberculatus 
Dipterus flabelliformis 
Dipterus minutus 


“© Ptychopteria(?) obsoleta does not seem to belong to this genus. See Prorhynchus. 


“| Simpson species (as Ptychopteria). 
« Leptodesma parallelum Simpson. 
43 May range upward into the Mississippian. The generic reference of “Gyroceras’”’ stebos has 


been suggested by Caster (personal communication). 


“ Also Cussewago, according to Caster (in litt.) 


“ Reported also in the Shenango sandstone of Crawford County, Pa., as in “Catskill.” 
4 May range upward into the Mississippian. (See footnote 61.) 


if 
4 
4 
i 


CONEWANGO GROUP 


Dipterus alleganiensis Amphibians? 

Dipterus quadratus ?Thinopus antiquus 
Ganorhynchus beecheri Plants 

Apedodus priscus Archaeopteris roemeriana conferta 
Holoptychius pustulosus Trochophyllum breviinternodium 


NON-DIAGNOSTIC SPECIES 


Mississippian species, reported as starting in the Conewango, include, some- 
times doubtfully, and those with asterisk possibly in post-Devonian strata, but 
this still uncertain: 

Sponges: Calathospongia carlli*; Brachiopods: Lingula cuyahoga?, Oehler- 
tella pleurites,” Orbiculoidea herzeri?, Rhipidomella oweni?, Schellwienella crenis- 
tria, Chonetes illinoisensis, Athyris lamellosa? ; Pelecypods: Crenipecten winchelli, 
Mytilarca occidentalis, Grammysia hannibalensis, Edmondia burlingtonensis, 
Sphenotus aeolus, Sphenotus rigidus, Cypricardinia consimilis? *; Gastropods: 
Platyceras paralium ; “Fishes”: Dinichthys curtus(?). 


Other forms beginning in the Conewango and supposed to range upward are: 
Echinoderms: Lepidechinus rarispinus; Brachiopods: Camarotoechia orbicularis, 
Syringothyris angulata,* Reticularia praematura(?), Cyrtina triplicata*; Pelecy- 
pods: Ptychopteria beecheri, Prorhynchus quadratum, Nucula globularis(?), Pa- 
rarca erecta; Gastropods: Phymatifer stebos, Platyceras dorsale, Platyceras inae- 
quale, Platyceras mitelliforme; “Fishes”: Cladodus coniger, Helodus gibberulus. 


Last appearance—Sponges: Prismodictya prismatica; Brachiopods: Lingula 
delia(?), Lingula ligea(?), Orbiculoidea alleghania, Petrocrania leonis(?), Dal- 
manella leonensis, Dalmanella tioga, Dalmanella tioga elmira, Rhipidomella 
pennsylvanica, Schizophoria striatula, Chonetes lepidus, Productella arctirostrata, 
Productella striatula(?), Productella speciosa, Productella lachrymosa, Produc- 
tella stigmata, Productella boydi, Productella hirsuta, Productella hirsuta recti- 
spina, Camarotoechia sappho(?),“ Camarotoechia stephani, Leiorhynchus multi- 
costa, Leiorhynchus mesacostale(?), Atrypa hystrix, Spirifer asper(?), Ambocoelia 
gregaria, Athyris polita®; Pelecypods: Lyriopecten alternatus, Pterinopecten 
suborbicularis, Leptodesma matheri, Leptodesma stephani, Leptodesma mytili- 
forme, Parallelodon chemungensis, Sphenotus contractus, Sphenotus clavulus, 
Schizodus rhombeus, Schizodus chemungensis quadrangularis; Gastropods: Stra- 
parollus hecale, Straparollus depressus ; Cephalopod: Orthoceras leander ; “Fishes”: 
Ctenacanthus chemungensis(?), Gyracanthus sherwoodi, Onchus rectus, Holonema 
rugosum, Dipterus nelsoni, Holoptychius americanus, Sauripterus taylori(?), 
while Bothriolepsis minor has been reported doubtfully and seems very unlikely. 


Transients carrying through into the Mississippian (Waverly) include Brachio- 
pods: Chonetes setigerus, Chonetes scitulus, Camarotoechia contracta, perhaps, 


47 Specimens believed to be of this species have been collected, also, from beds close to the 
top of the Canadaway near Persia turnout, Cattaraugus County, N. Y. 

«8 Neither Caster nor the writer is convinced that C. sappho of the Hamilton fauna occurs here. 

“The Cussewago specimens referred to A. angelica may include A. polita, which Caster has 
considered a synonym (but which in such case would have priority). A. polita may thus be a 
post-Devonian transient also. 
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also, Schellwienella chemungensis. The Mississipian species, Romingerina julia, 
known from the Canadaway and the Conneaut, has not yet been recognized in the 
Conewango. Athyris angelica, Spirifer disjunctus, and Strophalosia hystricula are 
transient into the Cussewago; and Mytilarca gibbosa into the “Berea.” 


Genera apparently confined to the Conewango include Tylodictya, 
Mytilops, Pegasella, Palaeanatina, Prospiraxis, Ganorhynchus, Apedo- 
dus, and Thinopus. Others newly appearing that continue upward are 
Lepidechinus, Syringothyris,°° Rhynchospirina,** Prorhynchus, and 
perhaps Allerisma and Phymatifer. Ptychopteria is reported to have 
one post-Devonian representative. 

Genera terminating in the Conewango, or at least not entering the 
undoubted Mississippian, include Helicodictya, Thysanodictya, Petro- 
crania, Dalmanella, Schizophoria,** Atrypa,* Lyriopecten, Oleanella, 
Leiopteria, Pararca,®* Paracyclas, Phthonia?, Arenicolites, Echinocaris, 
Elymocaris, Stylonurus, Dipterus? and Holoptychius. Their presence 
clearly marks the Devonian affinities of this very late Upper Devonian 
fauna, for which Mississippian, or at least “Devono-Carboniferous,” 
age has sometimes been claimed. 

This Devonian aspect is still evident in spite of the fact that the above 
lists have purposely been based on the broad stratigraphic scope of 
the Conewango group (or formation) as originally defined—namely, 
up to the base of the Knapp conglomerate—thus including the largest 
possible Mississippian element, if such be present. But there is a 
divergence of opinion as to whether this is the proper delimitation of 
the Conewango. If, and the writer is not averse to this, to the succeed- 
ing Cussewago, or Knapp, group is transferred the top forty feet of 
the original Conewango at Warren, the Smethport (subsequently 
Kushequa) shale of Caster, carrying therewith the corresponding upper 
part of the Riceville, and also the Devil’s Den (Leptodesma) sandstone 
near Smethport, then some of the Mississippian element (so called) is 
subtracted and the case for the Devonian age of the Conewango is by 
thus much strengthened. The published literature does not at the time 
of writing (May first, 1934) enable a complete separation of the faunas 


8 Syringothyris occidentalis of the Callaway limestone of Missouri (Upper Devonian) is 
probably older. 

51 Caster informs me that R. scansa belongs to the Mississippian genus Eumetria. 

52 Ulrich reports a Schizophoria? sp. in the Mississippian (Clore). 

53 Caster writes he is not sure but that Atrypa may occur in the Mississippian of northwestern 
Pennsylvania, including the Meadville limestones. 

5 Hall gives P. neglecta and P. erecta as from the Waverly (at Meadville, Pa.), but this 
assignment seems never to have been confirmed. 
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at this horizon,** but it is likely that all the species above annotated as 
“possibly in post-Devonian strata” do not appear below the Kushequa, 
except perhaps Syringothyris randalli, Leptodesma orodes, L. rude, 
L. maclurii, and Prorhynchus peneplanum.®® The genera Tylodictya, 
Ectenodictya, and Rhynchospirina belong entirely above this line. Just 
which other of the forms marked “diagnostic” and “last appearance” 
carry up into the Kushequa is not known to the writer, although a 
goodly number seem to do so. 

It will be noted that of the six species named by Butts as not entering 
the Conewango, three (Chonetes scitulus, Schellwienella chemungensis 
and Athyris angelica) continue right up through, and beyond, it. 


THE UPPER BOUNDARY 


The primary object of the present paper has been to segregate the 
several major faunas heretofore confounded under the name “Che- 
mung”; hence, what follows is of minor importance to the main thesis. 
Moreover, the published faunal information on the higher beds up to 
the time of writing has been too confused for satisfactory handling, 
although this will doubtless be remedied soon. The conclusions herein 
reached are believed to be jus. ified in the light of available information, 
regardless of whether or not they may need modification later. 

South of Olean, the Olean (Pottsville) conglomerate rests directly 
upon the Oswayo marine shale of unquestioned Conewango age 
(Oleanella-Pegasella fauna). But, just as to the east of Olean the 
Pottsville base is seen cutting diagonally down and lapping out the 
Devonian strata, so, conversely, to the west from Olean one finds new 
higher beds wedging in. Early among these is the Knapp conglomerate, 
beneath which appears the Smethport, or Kushequa, shale, comprised in 
the original definition of the Conewango. Above the Knapp, in turn, 
come in other beds, and sooner or later the unquestionable Missis- 
sippian enters the succession. The problem in dispute is that of the 
precise point of change from Devonian to Mississippian. That dispute 
once raged around the base of the Conewango. It has now moved up 
to the Cussewago-Knapp, or higher, if one concedes the Kushequa to 


be Cussewago. 


85 A brochure by Kenneth E. Caster, of Cornell University has, since this manuscript was 
submitted, clarified the stratigraphy and faunas. K. E. Caster: The stratigraphy and paleontology 
of northwestern Pennsylvania, Part 1: Stratigraphy, Bull. Am. Pal., vol. 21, no. 71 (June 9, 1934). 

&K. E. Caster: Higher fossil faunas of the upper Allegheny, Bull. Am. Pal., vol. 15, no. 58 
(July 28, 1930). On Caster’s plate 23, P. peneplanum is given as from a bed that is believed 
by him to be the Salamanca conglomerate, though the text puts the type in the Devil’s Den 


sandstone. 
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Girty’s Bradfordian covered all these disputed beds, from the base 
of the Conewango to the top of the Knapp. Caster, agreeing with the 
writer in broad correlation of Knapp with Cussewago, expands the 
latter term to include, not only the higher shales coming in westward 
to which I gave a separate name, but also the Kushequa shale below, 
and calls all these Mississippian. In this he assents to the early work 
of Randall, and of Randall’s disciple, Beecher, for the beds in question 
are, at Warren, Pa., those which, in 1883, Mr. Randall designated as 
divisions “F, G and H” and assigned to the Waverly. (“H” is Caster’s 
Kushequa.) They include from the (local) base of the Olean down to 
forty or fifty feet beneath the Knapp conglomerate, embracing, there- 
fore, the highly fossiliferous zone with Syringothyris that Butts ex- 
plicitly put in the top of his Conewango. Collectors have at times 
apparently confused this zone with the fossiliferous “Berea” zone cap- 
ping the Knapp. 

Further confusion has resulted from the identification of that “Berea” 
bed (of Stony Lonesome, east of Warren) by Mr. Ver Wiebe (and by 
Mr. Butts) with the “Venango first oil sand.” The Venango first sand 
is the Woodcock sandstone and not the Berea (nor yet the Corry), as 
long ago worked out correctly by Mr. Carll and by Dr. White, and as 
subsequently confirmed independently by both Caster’s fieldwork and 
the writer’s surface and subsurface studies. Caster agrees, however, 
with the others in thinking the Stony Lonesome bed continuous with the 
Pithole grit, the Corry sandstone, and, finally, with the true Berea grit 
of Ohio, which is well up in the Mississippian, a correlation that the 
writer formerly accepted without question, having seen no faunal lists. 
For a time at least, Caster followed White in also calling the Cussewago, 
Berea. 

On stratigraphic grounds only, the writer had concluded, however, 
that the Cussewago sandstone (or correlative Knapp conglomerate) 
and overlying Hayfield shale might reasonably prove to be topmost 
Devonian, although he later wavered because of Caster’s confidence 
that it was not so. Further, when the latter’s list of the Stony Lonesome 
fauna was at hand, the writer recognized in it still another, and higher, 
member of the Devonian, certainly not true Berea at all, and so stated 
in a report to Dr. Ashley that awaits printing. Regardless of what 
may yet be published, some of that evidence has a pertinence that will 
not dim; hence it is needed here to round out this Upper Devonian study. 

But first, it may be noted that, whereas the Stony Lonesome bed 
rests (nearly) upon the Knapp conglomerate, the Pithole and the 
Corry beds lie at different (shale) intervals above the correlative 
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Cussewago sandstone. Were these three identical, then the discon- 
formity so indicated is much larger than any other break known to the 
writer above the base of the Upper Devonian (Genesee), besides that 
the onlap would be from the west, which would be physical reasons for 
retaining the Cussewago-Knapp in the Devonian, below this break. 
On the contrary, even though the three beds contain a similar faunule, 
they still might be lentils lying at different levels in a common shale 
formation, thus conformable with those below, and all Devonian. Is 
the fauna Mississippian, or isit Devonian? And does it differ materially 
from that of the Cussewago (inclusive of the Kushequa) beneath it? 

Information on these faunas is derivable from two sources—Butts *7 
and Caster.°* Butts, however, puts the Oswayo and the Knapp into 
one list, which leaves uncertainty as to how much of the list is really 
Cussewago. Some corrigenda have been kindly supplied by Caster for 
his publication, in which he had subsequently found difficulties with 
stratigraphic data on students’ labels; but at best the following com- 
pilation from these sources is unsatisfactory, besides being doubtless 
incomplete through omission of many forms in common with the Cone- 
wango. Perhaps, also, some “Berea” stuff has crept in. Devil’s Den 
species are starred (*) ; species which may range, or belong, below are 
designated with a dagger (+) ; those which Caster thought to recognize 
also in the “Berea” band, are marked with a double dagger ({). 


DIAGNOSTIC SPECIES 
(of the Cussewago-Knapp) 


Sponges *Leptodesma mentor 
Tylodictya warrenensis +*Leptodesma mentor rude 
Tylodictya(?) tenuis *Leptodesma mentor biton 
Clathrospongia abacus *Leptodesma mentor sulcatum 
Thysanodictya expansa *Leptodesma mentor maximum 
Ectenodictya implexa Leptodesma mentor alpha 
Echinoderms *Leptodesma ruedemanni 
Agelacrinus beecheri Leptodesma cariniferum 
#*Prorhynch la 
Cyrtina triplicata © Pr orhynchus harrist 
Rhynchospirina scansa Sphenotus signatus 
Pelecypods tPararca neglecta 
T*Leptodesma disparile Spirodomus insignis 
& Charles Butts: Fossil faunas of the Olean quadrangle (New York), N. Y. State Mus., Bull. 69 
en Sar Caster: Higher fossil faunas of the upper Allegheny, Bull. Am. Pal., vol. 15, no. 58 
(July 28, 1930). 


5° Perhaps also from the Corry sandstone. 
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Gastropods Arthropds 
+Phymatifer stebos Tropidocaris alternata 
tPlatyceras dorsale Echinocaris clarkit 

Platyceras breve Echinocaris randalli 

Platyceras striatum Eurypterus approximatus 
tPlatyceras inaequale “Fishes” 
tPlatyceras mitelliforme Ctenacanthus triangularis 

Platyceras varians Orodus? sp. 

Platyceras ruedemanni Psammodus? sp. 


NON-DIAGNOSTIC SPECIES 


First appearance—Sponges: Calathospongia carlli; Brachiopods: Syringothyris 
angulata; Pelecypods: tCypricardinia consimilis(?). 

Last appearance—Brachiopods: Camarotoechia allegania; Pelecypods: Avicu- 
lopecten striatus(?), *?Ptychopteria proto,” *?Ptychopteria sinuosa, *Leptodesma 
curvatum, *Leptodesma mentor orodes, *Leptodesma mentor maclurit, *Prorhyn- 
chus quadratum, Mytilops praecedens; Cephalopods: Orthoceras warrenense ; 
“Fishes”: Helodus gibberulus™ 

Transients—Echinoderms: Lepidechinus rarispinus; Brachiopods: Strophalosia 
hystricula, Camarotoechia orbicularis(?), Camarotoechia contracta, Spirifer dis- 
junctus, probably Athyris angelica. Orbiculoidea sp. is also reported. 

Additional species in the mixed Oswayo-Knapp list of Butts: Undetermined 
bryozoans; Brachiopods: Lingula sp., Oehlertella pleurites, Schellwienella crenis- 
tria(?), Camarotoechia sappho,* Pugnaz(?) sp., Athyris polita; Pelecypods: 
Ptychopteria sp., Leiopteria sp., Grammysia hannibalensis(?), Allerisma(?) two 
sp. nov.?, Palaeanatina typa, Schizodus chemungensis; Cephalopods: Orthoceras 
sp.* Except the Grammysta, all these carry up from below; it and the Schell- 
wienella are Mississippian, and one or two others are also transient. From the 
“Olean conglomerate,” Butts gives Camarotoechia cf. allegania, Ptychopteria(?), 
and Sphenotus contractus(?)—a list so plainly Devonian that it cannot be thought 
of as Pottsville and must be older, perhaps Knapp. 


In all these lists taken together, there is nothing that appeals to one 
as convincingly Mississippian. Besides the unique T'ylodictya, Rhyn- 
chospirina, and Spirodomus, only Calathospongia and the dubious (pos- 
sibly identical) Ectenodictya are new genera.® Even if one takes out 
the (starred) forms of the Devil’s Den sandstone, which carries Cama- 
rotoechia allegania and other species that serve to tie it rather to the 
Conewango (the Oswayo), the Devonian affinity is dominant while 
strictly definitive Mississippian genera appear to be lacking. 


© The assignment of Ptychopteria proto and P. sinuosa to the Devil’s Den sandstone is 


hypothetical. 

*1 The type of Helodus gibberulus is Subcarboniferous of Ireland. 

® Identification of Reticularia praematura from this fauna appears doubtful, as Caster agrees; 
hence it is omitted from the above list. 

®3 As noted earlier, this identification is doubted by both Caster and the writer. 

* Randall lists also Lithostrotion and Pentremites, Mississippian genera not since gotten. 

® Caster refers the Platycerata to ‘“‘the Mississippian genus Igoceras,” but this genus appears 
to have its inception lower down. Compare P. paralium in the Conewango. 
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Stratigraphically, moreover, these beds, at least to the top of the 
Knapp conglomerate, behave like the Devonian beds next beneath them 
(to which they appear conformable) in coarsening and thickening east- 
ward, and in their facies-pattern. In this, they differ from the Waverly 
beds (Mississippian), which, beginning at least with the Cleveland 
(Olmsted) shale, lap on from the west and thin eastward. If identity 
with those is premised, it seems strange that, whereas the ubiquitous 
Spirifer disjunctus of the Upper Devonian (or at least its “gens”) still 
abounds in the Cussewago strata, not a trace of it has ever been reported 
in the sufficiently large Bedford marine fauna, of suitable facies, in 
Ohio (lower Waverly), contemporaneity to which is asserted. 

One comes, therefore, at length to the fauna of the thin Stony Lone- 
some (“Berea”) bed, Ver Wiebe’s “Venango first oil sand,” that rests 
almost directly upon the Knapp conglomerate in the Warren region and 
may, indeed, be but the top-most stratum of the Knapp formation. The 
full printed list follows, with the reminder that a few (uncertain) forms 
of the preceding list possibly belong up here: 


DIAGNOSTIC SPECIES 


Brachiopods Pelecypods 
Paraphorhynchus mediale Ptychopteria(?) cornelli (Leiopteria) 
Paraphorhynchus girtyi Pararca equilateralis 
Paraphorhynchus striatum Elymella(?) chadwicki 


Spirifer allegheniensis 


NON-DIAGNOSTIC SPECIES 


From below——Brachiopods: Schellwienella crenistria,* Schellwienella chemun- 
gensis(?)," Chonetes setigerus, Productella onusta, Strophalosia hystricula(?), 
Camarotoechia contracta, Camarotoechia orbicularis, Spirifer disjunctus, Spirifer 
disjunctus sulcifer, Syringothyris angulata, Reticularia praematura,® Cyrtina tri- 
plicata, Athyris angelica; Pelecypods: Ptychopteria beecheri, Prorhynchus quad- 
ratum (Caster in litt.), Mytilarca gibbosa, Nucula cf. globularis®; Gastropods: 
Bucanopsis maera(?), Platyceras dorsale, Platyceras inaequale, Platyceras mitelli- 
forme. The list includes also the following generic names without specific identifi- 
cations: Orbiculoidea, Pholidops? (as Orbiculoidea), Orthothetes,” Rhipidomella, 
Schizophoria, Retzia? or Rhynchospirina? ; Bellerophon?, Straparollus? (as Euom- 
phalus), Platyceras three sp., “Pleurotomaria,” Gyroma? ; Orthoceras. 


© The figure looks doubtful, but the species is reported lower. 

@ The figure (Caster’s plate 15, figure 10) seems to be of a Rhipidomella. 

* The identification appears very doubtful, and is now questioned also by Caster. 
From the illustrations, the writer is inclined to doubt this identification. 

7 From the illustrations, the writer is inclined to doubt this identification. 
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Here only the genus Paraphorhynchus and a (new) Spirifer of Missis- 
sippian type give to this congeries a more modern appearance than that 
which preceded it. Even if a considerable share of the forms just listed 
as of the Cussewago should prove to belong up here, the case is not 
materially strengthened. The fauna is essentially a Devonian one, in 
which Spirifer disjunctus still persists in its variant phases. Although 
the true Berea is above the Bedford shale, yet this reputed “Berea” 
fauna wears nowhere near the Mississippian aspect of the early Missis- 
sippian Bedford shale fauna as listed for the Cleveland area.” 

In short, until and unless further collecting and further stratigraphic 
tracing prove that these Cussewago beds (Kushequa, Knapp, Hayfield, 
and probably the so-called “Berea”’) are not really the latest and highest 
Devonian, it will be best to adhere to the original definition and scope 
of the Bradfordian epoch of Dr. Girty. Examination of old published 
lists of the fossiliferous sandstone stratum farther west in Pennsylvania 
variously referred to as Corry, Berea, and Pithole grit, with reconnais- 
sance of these outcrops in the field, has not shown any significant dis- 
tinction from this “Berea,” although this westerly bed may be a bit 
higher in the Devonian. With the very limited fauna of the true Berea 
of Ohio it shows no correspondence. 


SUMMARY 


Subdivisions of the Upper Devonian previously worked out in the 
stratigraphy now prove to be abundantly confirmed by faunal changes 
of hitherto unsuspected magnitude. However much future collecting 
may extend or emend the stratic range of individual species or genera, 
the distinctions brought out in the lists here given will not be materially 
minimized. The faunal groups now recognized are (1) the Genesee, 
including Sherburne, (2) the Naples, including Ithaca-Enfield and to 
the top of the Catskill of the Catskill mountains, (3) the Chemung, in- 
cluding also the type Portage and the type Pocono, and closing the 
Senecan epoch; (4) the Canadaway and (5) the Conneaut, together 
constituting the Chautauquan epoch; and (6) the Conewango, which 
with probably the overlying (7?) Cussewago (including perhaps also 
the false “Berea” of Pennsylvania) constitutes the closing epoch 
(Bradfordian) of the Upper Devonian. 

The figures for the distribution of the various species here listed may 
now be tabulated, showing how much of each fauna is at present 
unknown outside of the group, how much is inherited from each of the 


7H. P. Cushing, Frank Leverett, and Frank R. Van Horn: Geology and mineral resources of 
the Cleveland district, Ohio, U. 8. Geol. Surv., Bull. 818 (1931) p. 44. 
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groups below it, and how many other new forms, originating in that 
faunal group, are known to continue upward. The sum of these ele- 
ments is the total count for that fauna. The grand total for the Upper 
Devonian may be obtained by adding the diagnostic and the new 
columns, plus the number received from the underlying Hamilton or 
older 

Table showing origin of faunas 


Non-diagnostic species derived from 
Group Diag- 
in which nostic New 
species species |Ham., 1 2 3 4 5 6 but go | Totals 
occur of group} etc.* | Gen. | Nap. | Chem.| Can. | Conn. | Cone. | on up 
3. Chemung....} 171 41 20 47 341 
4. Canadaway..| 103 15 4 27 36 218 
5. Conneaut.... 50 7 2 17 20 6 132 
6. Conewango..| 107f 8 2 15 9 14 28**| 
7. Cussewago.. 450% 1 0 3 2 4 1 22 2 80 
Mississippian...|........ 2 0 4 0 2 1 
780 251 


* From Hamilton (or older) rocks are derived 136 species, with 12 others as pyrite mutants. 

# Includes the 37 Hemilton mutants in the pyrite. Otherwise, there are diagnostic and 
174 total forms in the Genesee group as here listed. 

+t Not including 28 other Hamilton species among the pyrite mutants. 

3 Exclusive of the Kushequa fauna and that of the Devil’s Den sandstone. 

** The Devil’s Den sandstone would add 10 other species or varieties. 

*** This includes the Devil’s Den species, and also the Stony Lonesome ‘‘Berea”’ fauna, as far 
as specifically known to the writer. Note the large number of Conewango species in Cussewago 
and also in undoubted Mississippian, as compared with only two Mississippian forms originating 
in the Cussewago (including Stony Lonesome). This does not look as though the main break 
came between the Conewango and the Cussewago. 


Figure 1 expresses the substance of the above tabulation in graphic 
form. In this diagram the number of species present in a given strati- 
graphic (faunal) group, for example the Chemung, is represented by 
the total length of the black segments in the space opposite the name of 
the group. This can be read against the scale at the base of the diagram. 

The number of new species appearing in a given group is shown by 
that part of the black band which extends beyond (to the right of) 
the band next below; whereas, the number of species surviving from 

7 Adding to these (148) the 780 diagnostic and 251 other new species gives a grand total of 


1178 names included in the preceding lists and assigned to stratigraphic positions. Of these, the 
group-limited (‘diagnostic’) species constitute practically two-thirds of the count. 


XXIII—BULL. Grou. Soc. Am., Vou. 46, 1935 
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lower groups is shown by the black segments of the band that stand 
above those of the previous group or groups. For instance, the sur- 
vivors from the Middle Devonian recur in dwindling numbers up 
through the Naples (Ithaca), the Chemung, and so forth, to the Missis- 
sippian, as represented by the pyramid of black segments at the left of 


Post-Devonic 


Conewango 6 


Conneaut 5 


Canadaway 4 H 


Chemung 

Naples 2 

Genesee 

Mid-Devoniec 

Ficure 1.—Chart illustrating numerical distribution of Upper Devonian fossils of New York, 
Pennsylvania, and Ohio 


the diagram ; those appearing first in the Genesee and persisting upward 
are shown in the second pyramid from the left, and so on. 

The left side of each pyramid should be vertical, following the broken 
line, if it were not for the absence in the given group of species that 
occur below and recur above. Thus, the blank space (at *) in the 
Genesee group indicates the apparent lack of four or five score Middle 
Devonian species that recur in the Naples beds, but which may yet come 
to light in the little known fossiliferous eastward extension of these 
Genesee strata. The narrow blanks in the left side of the several pyra- 
mids, therefore, indicate species as yet unrecorded, although known to 
occur both above and below, hence presumptively present. 

Especially, the diagram brings out to how large an extent each fauna 
consists of species confined to (i. e., diagnostic of) that stratic group, 
such group-limited forms being measured by the non-overlapping por- 
tions of the black stripes. Although the grand total of stratigraphically 
allocated forms has been increased nearly 18% over the thousand so 
placed when the diagram was drawn, the addenda are practically all 
such group-limited species not affecting its general accuracy. 


POSTSCRIPT 


The appearance of the paper by K. E. Caster ™ before this goes to 
press, permits further comparison of our diverging views regarding the 


™K. E. Caster: The stratigraphy and paleontology of northwestern Pennsylvania, Part 1: 
Stratigraphy, Bull. Am. Pal., vol. 21, no. 71 (June 9, 1934). 
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Devono-Mississippian boundary. Caster’s faunal list for the Brad- 
fordian ** extends the upward range, into the Conewango, of 27 species 
from lower strata (4 of these not previously known above the Hamilton), 
and the downward range of 15 Bradfordian species into the upper Con- 
neaut, thereby diminishing the formerly asserted magnitude of the 
faunal break at the Bradfordian base (Wolf Creek conglomerate) by 
these 42 species and giving stronger confirmation to the completely De- 
vonian age of, at least, the Conewango. Nothing, moreover, in Caster’s 
list of genera specifically unidentified suggests later age for this group, 
nor can his queried recognition of two Mississippian forms (Rhipi- 
domella burlingtonensis and Aviculopecten caroli, the latter marked 
also, and with certainty, from the Conneaut) outweigh the Devonian 
aspect of this fauna as a whole. In this, he and the writer agree. 

The Cussewago portion of his list is the especially interesting part. 
Conceding that “Productus sp.,” “Syringothyris texa?” [texta], and 
“Glossites amygdalinus(?)’’ are additions bespeaking the Mississippian 
if correctly identified, one finds this evidence overbalanced by the in- 
crement to this fauna of 26 clearly Devonian species, newly brought 
up from below. The four other Mississippian forms added to this list 
have all been known already from the Conewango beneath; hence they 
have no bearing on the problem. Nor, again, does the generic assign- 
ment of unidentified new species, except the Productus, wear any fresher 
face than Devonian. The faunal data thus presented incline, if any- 
thing, even more than previously toward the Devonian age of the Cus- 
sewago (Knapp-Hayfield) group. There are some unexplained dis- 
crepancies between this printed list and the information from Mr. 
Caster’s letters on which is based the writer’s listing of Caster’s recently 
described species. 

Caster’s case for his Corry sandstone * is better made out, on the 
list now published, although he admits that this bed grades down into 
the Hayfield member of the Cussewago group, and although the argu- 
ment that the writer has advanced, regarding the presence of Spirifer 
disjunctus here and not in any of the Mississippian faunas known to 
be older than the Berea, still seerns insuperable. Moreover, the locali- 
ties for the different species are not stated, leaving the question open 
as to whether or not the Devonian forms are actually associated in the 
same stratum and locality with the 15 species (and several other 
genera) of Carboniferous type given in his list. These things being 
inconsistent within themselves, need careful scrutiny. 


%4 Op. cit., p. 70-75. 
™ Op. cit., p. 123-124. 
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INTRODUCTION 


A recurring surprise in the progress of the Upper Devonian studies 
has been the repeated discovery, after a piece of work had resulted in 
some apparently new stratigraphic correlation, that another worker, 
years before, had seen and recorded the same phenomenon. Thus, when 
the “Pocono’’-“Catskill” lateral intergradation around Lock Haven, 
Pennsylvania, had become evident to J. L. Rich and the writer, a ran- 
dom reading of Chance’s report on this area revealed his similar, and 
long prior, observation. The Wellsburg-Montrose transformation in 
crossing the Bradford-Susquehanna County line in Pennsylvania was 
also specifically noted by Andrew Sherwood, as were many like transi- 
tions in that general area, but all, apparently, like Chance’s discovery, 
were soon relegated to limbo. They conflicted too annoyingly with 
established theory and nomenclature. 

So perhaps it should not have surprised one after all, to find both 
that no less a paleontologist than John M. Clarke himself had long 
ago recognized the Chemung age of the “Portage” beds, from the Grimes 
sandstone up, and that his work went for naught. At the annual meet- 
ing of the Society in December, 1933, when the writer announced the 
same findings, his old friend, Arthur Ware Slocom, presented him with a 


* Manuscript received by the Secretary of the Society, May 16, 1934. 
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copy of Clarke’s paper * containing this discerning account, which will 
be reverted to later. 

Yet with Clarke deserting his own conclusion, the problem of correla- 
tion of the Upper Devonian formations between Canandaigua (or 
Keuka) and Cayuga (or even, Seneca) lakes (Fig. 1) has remained a 
sore and distressing point in New York State stratigraphy until the 
recent rediscovery of the same thing that Clarke once saw, fifty years 
ago. What a waste of half a century! Nor can too much credit be 
given to the keen eyesight and acute reasoning of Charles E. Fralich, 
who, in laying a precise foundation for these determinations, at the same 
time located for utilization the largest natural gas field in the Oriskany 
sand yet opened up in New York. Fralich’s contributions will also 
receive further mention. 


THE TYPE SECTIONS 


Along the Genesee River,’ at and below Portageville (“1” of Fig. 1) 
is the “type section” of what has currently passed as Portage; i. e., all 
the beds from the Genesee group up, to include the Portage sandstones 
(bluestones) , to which it seems historically necessary to limit the name, 
and above these the Wiscoy shales. The terminology of this section, 
having been discussed elsewhere,’ needs no detailed explanation. At 
the moment, the engrossing factors are the stratic succession (“g’’ of 
Fig. 2) and the paleontology. A century of painstaking collecting has 
failed to disclose throughout this entire “Portage” sequence (along the 
Genesee River) a single fossil of Chemung aspect. The complete fauna 
there—and it is essentially homogeneous—consists of small and frail 
pelecypods (cardioconchs), pteropods, and, rarely, gastropods, with 
occasional larger cephalopods (mostly goniatites and the associated 
Spathiocaris) ; besides these molluscs, only conodonts, a few ostracods, 
hingeless brachiopods, “fishes,” plants, crinoids, and Aulopora or 
Cladochonus, with the worm-burrows misnamed “fucoids.” In the 
topmost beds (Wiscoy member) one is startled, however, to find a large 
cup-coral, “out of its depth.” 

Eighty miles to the east and southeast (“6” to “7” of Fig. 1) lies a 
very different section * elaborated by H. S. Williams and E. M. Kindle 
(“i” of Fig. 2). Here, above the Genesee group, only a small part of 


1J. M. Clarke: A brief outline of the geological succession in Ontario County, N. Y., N. Y. 
State Geologist, Ann. Rept. 4 (1885) p. 9-22. 

2 John M. Clarke and D. Dana Luther: Geologic map and descriptions of the Portage and 
Nunda quadrangles, N. Y. State Mus., Bull. 118 (1908) p. 48-66. 

3G. H. Chadwick: Upper Devonian revision in New York and Pennsylvania (1933). 

4H. S. Williams, R. 8. Tarr, and E. M. Kindle: Description of the Watkins Glen-Catatonk 
district, U. 8. Geol. Surv., Atlas, no. 169 (1909) 242 pages. 
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the sequence (in fact only the Enfield member) continues to be occupied 
by the cardioconch-goniatite fauna seen along the Genesee. In the 
lower fourth and throughout the upper half, this section is replete with 
a full-fledged brachiopod population and abundant sand-loving pele- 
cypods, besides a richness of associated bryozoans and other forms of 
the Devonian seas. The entire succession is what James Hall finally 
decided to call Chemung, though he had previously assented to a 
separation of the lower part, the Ithaca beds. Below it (i. e., below the 
Ithaca) is a lesser mass of sandy and shaly strata (the Sherburne) 
which Hall felt justified in identifying with the Portage, just as, con- 
versely, he regarded as Chemung the brachiopodous strata succeeding 
his Portage (the Wiscoy member) along the Genesee River. The two 
successions appeared homotaxial and equivalent, in each case the 
Portage below and the Chemung above it. Certainly no one in those 
days would have been countenanced in the supposition that the Che- 
mung at the east and the Portage at the west are identical. 


THE INTERGROUND 


Midway between the Genesee River and the Ithaca-Chemung sec- 
tion lies the Canadaigua-Naples valley (“3” of Fig. 1) in which Clarke 
grew to maturity. While exploring this section with a relative, D. D. 
Luther, young Clarke found what he believed to be the dividing line 
between the Portage and the Chemung * (names already long established 
in the New York reports) on this meridian, at the horizon now known 
as the base of the Grimes sandstone (“c” of Fig. 2). In this, he was 
fully sustained by the faunal change there observable at this level, 
past which (it then seemed to him) only Spathiocaris emersoni carries 
over. He was right in calling this Chemung. But, surprisingly, he 
believed, further, that the first several hundred feet (the Grimes and 
the West Hill) of these beds, his Chemung group, were also the Portage 
sandstones of the Genesee section (his map, too, calls them “Lower 
Chemung (Portage) Sandstones”) up as far as the base of what he 
denominated the High Point Chemung. He knew later that he had 
not gone far enough—that here the true Portage sandstones are higher 
up (namely, High Point). But in publishing as he did, Clarke ran 
counter to all the fixed conceptions of the relations of these two groups, 
always interpreted as successive rather than contemporaneous. 

There are some little realized complications in the taxonomic history 
right here, due to shifts of correlation and of nomenclature on this 


5 J. M. Clarke: op. cit., p. 21. 

*¥For the later terminology, descriptions, and faunal lists, see John M. Clarke and D. Dana 
Luther: Stratigraphic and paleontologic map of Canandaigua and Naples quadrangles, N. Y. State 
Mus., Bull. 63 (1904). 
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him the Naples shales. But presently, the Grimes sandstone alone 
was taken for the Portage, although afterward the important rectifica- 
tion was made that it is the Highpoint (a later spelling) with its full 
Chemung congeries that is the true continuum of the typical Portage 
bluestones.? Correlation with the Genesee valley was thereby correctly 
established. 

In the other direction, eastward, however, only confusion resulted. 
Two distracting elements contributed to this: the unsuspected thick- 
ening of the beds, with lithic changes, and the unexpected southward 
swing of the formation-outcrops, caused by change of strike and the 
incoming of the marginal Appalachian folds. Clarke, indeed, dem- 
onstrated the lateral transition of the Ithaca fauna into some portion 
of the Naples, but mistaking the faunal change at the Grimes sand- 
stone for this Ithaca, and abandoning the evidence of the large High 
Point fauna, Clarke and Luther sought *® to assign the Chemung a 
place up above even the Wiscoy, which they called Prattsburg in this 
intermediate area. In fact, one can but conclude that in their judg- 
ment only the upper Chemung, or Wellsburg, seemed admissible as 
Chemung, although the type Chemung exposure at Chemung Narrows 
is plainly below the Wellsburg. Herein, Clarke and Luther came 
unfortunately into sharp conflict with Williams and Kindle. 


THE SOLUTION 


These correlational difficulties really begin farther down in the 
stratigraphic column. In looking upon the black (Geneseo) shale on 
Cayuga Lake as the sole representative of the Genesee group, stra- 
tigraphers naturally assigned the overlying Sherburne to the Cashaqua 
shale above the Genesee; thus, the Ithaca was correlated with the 
Hatch, and the Enfield with the West Hill (or perhaps more, although 
Williams consistently kept the Highpoint in the true Chemung). All 
this was a mere matching of piles of bricks, ready to topple at a touch. 
It was Fralich who supplied the touch, when he did two things. First, 
he traced the Cashaqua shale, containing near its top the peculiar 
stratum known as the Parrish limestone, around the south end of 
Keuka Lake (“4” of Fig. 1) and far up on the high ground to the 
east, formerly mapped as in the Hatch, and even West Hill. These 
exposures of the Parrish limestone the writer has lately had the 


8D. D. Luther: Stratigraphic value of the Portage sandstones, N. Y. State Mus., Bull. 52 (1902) 
p. 621-627. 

®This change of strike can be visualized by coloring the ‘20’ and ‘25’ hundred-foot lines 
on the map in A. A. Wedel: Geologic structure of the Devonian strata of south-central New York, 
N. Y. State Mus., Bull. 294 (1932). 

20 John M. Clarke and D. Dana Luther: Geology of the Watkins and Elmira quadrangles, 
N.Y. State Mus., Bull. 81 (1905). 
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pleasure of reviewing with him. It was by means of them that the 
Dundee gas field was located. 

Second, Fralich followed eastward the higher members of the Genesee 
group (West River and Standish), finding that they thicken rapidly 
and become the Sherburne (formerly “Portage”) of Seneca Lake (“5” 
of Fig. 1), and eastward. Instead, therefore, of the Cashaqua being 
the Sherburne, it is the Ithaca, next above, which is in accordance 
with its lighter color and more shoreward faunal content, whereas 
it is the darker Hatch, with its seaward fauna, that makes the recur- 
rent cardioconch beds of the Enfield. In short, all the divisions were 
found to go higher up in the section to the east than where Clarke and 
Luther or anyone had mapped them in 1905. Thus, the Hatch is 
carried up to the base of the true Chemung, corroborating Clarke’s 
early apprehension of the Grimes sandstone as Chemung, and placing 
the Naples-Chemung boundary exactly where he at first placed it. 

In this connection, it should be recalled that these delta deposits 
of the Upper Devonian thicken southward as well as eastward, for 
the “old land” lay to the south as well as to the east, and that although 
(Fig. 1) there is small increase in thickness from Dansville (“2”) 
to Naples (“3”), or from Watkins (“5”) to Ithaca (“6”), yet the 
stretch from Naples to Watkins (“3” to “5”) is in the direction of 
maximum increment as well as up over one of the major anticlinal 
waves of this region, culminating (between “4” and “5”) in the Wayne- 
Dundee gas fields.1 Unaware of this, and of the steep west dip off 
the Wayne gas field, Luther mistook the Grimes sandstone for the 
High Point, east of Hammondsport (“4”), and became completely 
lost farther east. 

CORROBORATION 


Re-examination of the thickness gradients all the way from the 
Tully limestone up to the top of the type Chemung (Fig. 2) having 
suggested that the Grimes and the West Hill correlate with the Cayuta 
“shale,” and thus that the High Point and the Prattsburg, being sand- 
stones, correlate with the Wellsburg “sandstone,” confirmation of this 
was sought in well-logs and paleontology. Both proved substantiatory. 
To expound the testimony of the wells would be wearisome here; the 
faunal verification is sufficiently convincing. The particulars, as long 
ago worked out by Williams and Kindle,?? are these. 

“21 See Paul D. Torrey, Charles E. Fralich, Wilber H. Young, Jr., Charles Brewer, Jr., and 
Paul M. Phillippi: Geology of New York and northern Pennsylvania, Am. Petr. Inst., Pap. 826-4A 
(1932) figs. 7 and 8 (plates). 

12H. 8. Williams and E. M. Kindle: Fossil faunas of Devonian sections in central and northern 
Pennsylvania, U. 8. Geol. Surv., Bull. 244 (1905) p. 130. It is clear that although the full sig- 


nificance of these distinctions was not then emphasized by these authors, they should be given 
credit for discriminating with great precision the two faunas. 
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The true Chemung fauna, terminated upward (as is the group, 
according to Hall’s original definition) by the (supposed) Fall Creek 
conglomerate at the top of the Wellsburg member (“7” of the map), 
is characterized by Strophonella caelata, Douvillina mucronata (cayuta 
auct.), Leptostrophia nervosa, Dalmanella carinata, Atrypa aspera 
(spinosa), Pterinea chemungensis and reversa, Byssopteria radiata, 
and Goniophora chemungensis. In the Mansfield (Pennsylvania) area, 
next west, this fauna gives place abruptly upward to a different society 
in which the above named species and many others fail to re-appear. 
Instead, Athyris angelica, Orbiculoidea alleghania, Mytilarca chemun- 
gensis (a misnomer), Aviculopecten cancellatus and rugaestriatus, 
Crenipecten amplus, Sphenotus contractus and clavulus, and many 
other new arrivals are found in these overlying beds, the succession 
repeated again and again in many ravines. In fact, the full extent 
of this faunal disjunction was much underestimated by the writer at 
the outset, for instead of there being only 60 new forms there are over 
twice that number (135 at last count), whereas 250 Chemung species or 
named varieties have vanished.** The “Mansfield red beds,” instead 
of being the Franklindale reds (which are Wellsburg), belong to this 
higher category. 

Along the Genesee River, as Williams and Kindle correctly recog- 
nized, not one of these truly diagnostic Chemung species appears 
(except, doubtfully, Atrypa aspera) either in the supposed “Chemung” 
beds above the Wiscoy shale or anywhere through the “Portage” 
beneath. On the contrary, the Athyris angelica fauna holds the stage 
from the close of the “Portage” (the Nunda group) onward through 
the thick members known as the Dunkirk (locally Canaseraga), 
Gowanda (locally Caneadea), Rushford, and Machias beds to the 
base of the Cuba sandstone; and in a modified form on through the 
Cuba, the Volusia, the Hinsdale, and the Chadakoin to the very 
base of the Bradfordian. Although farther west the species Athyris 
angelica and some of its confreres transcend into the last named, the 
fauna this species denotes is the definitive Chautauquan fauna, as 
the Chautauquan epoch of sedimentation is unfolded and exemplified 
in Chautauqua County, New York. 

Although in the Mansfield area (due south of “4,” Fig. 1) this fauna 
is almost at once full-fledged, and, indeed, is soon ended above by 
continental deposition, its advent along the Genesee is more gradual. 
Beginning at first feebly in the Canaseraga and the Gowanda, it reaches 
ample expression only in the Machias and above. Still farther west, 


18 See the companion paper to this, entitled ‘“‘Faunal differentiation in the Upper Devonian,” in 
this same issue of the Bulletin. 
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it is found expanded solely in higher and yet higher strata. This is 
in keeping with the uniform experience, such as with the Ithaca, and 
the true Chemung, that all these Upper Devonian faunas appear first 
in the east and migrate westward, following the facies shift due to 
growth of the delta. Nowhere has been found a faunal assemblage 
progressing from west to east as time passed. Hence, but one conclu- 
sion can be drawn; namely, that all the brachiopodous (“Chemung”) 
formations along the Genesee River (“1 of Fig. 1) were deposited 
after the close of the true Chemung and while “red beds” were making 
in the Chemung area (“7” of Fig. 1). To these pseudo-Chemung, 
later beds, from the base of the Dunkirk to the base of the Cuba 
sandstone, the writer proposes to apply the substitute and distinctive 
name, CANADAWAY GROUP, and to those from the base of the Cuba 
sandstone to the base of the Wolf Creek (or Panama) conglomerate, 
in which the fauna has been modified by loss of Delthyris mesacostalis 
and accession of Camarotoechia(?) duplicata, the name, CONNEAUT 
GrouP.'* The respective type sections are along Canadaway Creek 
in western New York, and Conneaut Creek crossing the Pennsylvania- 
Ohio line. Both are, of necessity, chosen where the formations are 
thinner and are, therefore, passing over into the “Naples” (usually 
called “Portage”) facies. 


CLASSIFICATION 


Evidently it is only the Canadaway and the Conneaut, just defined, 
that can qualify as Chautauquan, for the highest true Chemung barely 
enters Chautauqua County. Thus, the epoch must be deprived of the 
content for which its alliteration with Chemung has long served as a 
mnemonic to stratigraphers. The type Chemung has proved itself to 
be only the brachiopodiferous facies of the “Portage” (Nunda) group, 
and, therefore, must be classified as part of the Senecan. As such, 
save for the inception of Spirifer disjunctus, its fauna differs, as Hall 
stated, in no great degree from that of the Ithaca and the Enfield, 
before it, making no such advance over that as does the Chautauquan 
over the Senecan (Canadaway over true Chemung) in the new under- 
standing of these limits. 

Standing out now with marked faunal individuality are three Upper 
Devonian epochs: the Senecan, the Chautauquan, and the Bradfordian. 
Of the breaks between these, the first is even more sharply defined 
than is the longer-recognized one above it, sometimes heralded as 

14 The first formal publication of the name “Conneaut group” is by K. E. Caster in a footnote 


in Bull. Am. Pal., vol. 21, no. 71 (June 9, 1934) p. 136. See also G. H. Chadwick: What is 
“Pocono”? Am. Jour. Sci., 5th ser., vol. 29 (1935) p. 134. 
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initiating the Carboniferous. Within the Senecan it will be convenient, 
for the faunal accessions and losses as now known are sufficient, to 
continue to recognize three groups of strata; namely, the Genesee, 
the Naples (as originally proposed), and the Chemung. The Chau- 
tauquan comprises the just erected Canadaway and Conneaut. The 
Bradfordian embraces the Conewango, with its various component 
members awaiting more refined field tracing, and probably the Cusse- 
wago (Knapp and so forth) whose status is treated in the companion 
paper on the faunas. 

The former “Portage” (correctly, the Nunda) group, because it 
bestrides both the Naples and the Chemung, lacks application beyond 
its type section along the Genesee River, which, considering the loose 
usage of “Portage” for beds of the cardioconch (rightly, the “Naples’’) 
facies, ranging all the way from Hamilton to upper Chagrin, is not 
to be lamented. Historically viewed, the name, Portage, itself either 
applies to the bluestones, for which it was in use commercially before 
Hall appropriated it for them, with inclusion in his “group” of only 
the underlying (Letchworth) shales down to the Table Rock sandstone 
bed, or is replaced by the uncontroversial synonym, High Point; 
for Nunda, having been used first in the group sense, has no rights 
of restricted application to these bluestones in the way that Clarke 
employed it over the protests of H. S. Williams. 

The minor classification within the Senecan now becomes: 


Senecan series 


Groups Members Units 
Hanover 
Pipe Creek 
Portage 
Chemung id 
Letchworth 
Cayuta Gardeau 
Grimes 
(Enfield or Hatch 
Attica Rhinestreet 
Naples < 
Ithaca or Cashaqua 
i Sonyea Middlesex 
Standish 
herburne West River 
Genundewa 


Gorham (Clarke) Geneseo 
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Correlation of these, from west to east, is as follows (v, presence; 
0, absence; black beds in heavy type; reds, starred; white gravels, 
doubly starred) : 


Lake Erie Genesee Canandaigua Ithaca Franklin Catskills 
Hanover Wi Prattsburg 
Pipe Creek ed Wellsburg Montrose* ° 
? Portage High Point 
Angola Letchworth 
Gardeau west Cayuta Catawissa* ° 
° Vv Grimes (Danby) Slide Mountain** 
v Hatch (Upper)* 
v Cashaqua v Oneonta* 
Middlesex | Oteelic 
Onteora* 
° ° Standish 
v v West River Sherburne 
v v Genundewa 
° Geneseo Gorham v 


tIn the abstract of this paper for the Chicago meeting (1933), the phrase ‘(Mistaken for 
‘Fortage’)”’ stands opposite the Genesee group, meaning especially the Sherburne, and does not 
refer to the Ithaca above it. A space should intervene between the Ithaca and the Genesee. 


CONCLUSION 


Thus, through much seeming complexity one arrives at a simplicity 
of understanding of the Upper Devonian delta constituents. Their 
total thickness, and, therefore, the length of time they apprehend, is 
greater than we knew. Old names vanish into synonymy, as mere 
variant facial expressions, and two new ones emerge from the necessity ; 
but across the three-hundred-mile span from the ancient mountains 
of Atlantica to the mediterranean depths of central Ohio we see an 
orderly succession of events—the spreading of land-waste in super- 
incumbent vast sheets ever thickest near the source and dwindling 
regularly northwestward into the open sea; ever coarsest at the 
southeast, upon the coastal plain, and there assuming the pebbly 
“white” sand facies of the Pocono; then with red muds increasing 
northwestward through the corresponding “Catskill’ phase, and, as 
it passes thence under water, losing its red color in the presence of a 
thronging littoral populace, to become the “Chemung,” or brachiopod 
facies; this grading still farther seaward into the “Naples” facies of 
mostly fine laminated muds with only frail mollusca, and, eventually, 
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into the black slimes of the “Genesee” phase. These are what Caster 
terms the magnafacies. 

With but an occasional oscillation, notably that of the Hatch 
(Enfield) subsidence, this pattern of zonal deposition migrates con- 
sistently westward as Upper Devonian time proceeds, and as the sea 
is shallowed by sediments encroaching upon its waters. In the new 
view of it, the Portage-Chemung episode falls into line as an integral 
part of, and in full harmony with, the rest of this story, instead of 
presenting the inexplicable anomalies that so long defied stratigraphers, 
such as brachiopods flourishing in the Grimes while landward only the 
cardioconch fauna resided in the reputedly contemporary Enfield 
around Watkins and Ithaca, yielding to brachiopods again farther 
east. Vanished, also, are Clarke’s “Chautauqua subprovince” and his 
“Lake Oneonta” lagoon, together with Grabau’s “Sherburne bar.” 
Now, it is a perfectly straightforward story. 

POSTSCRIPT 

Since this manuscript was submitted, its thesis has received unex- 
pected substantiation, for quite unknown to the writer the actual 
detailed field tracing of both the Dunkirk (or Canaseraga) and the 
Highpoint (Portage) sandstones from the Genesee River to the vicinity 
of Corning on the Chemung River (Fig. 1) had been carried through 
by Harold E. Boyd and others of the Cities Service staff. As an 
outcome of this and of further work by stratigraphers, there are still 
more interesting revelations to follow, involving (as always) wider 
and wider departures from accepted correlations. 

Replying to certain criticisms received, no thought has been given 
to the academic question of how or whence the newcomers arrived 
in the faunas. Whether they got there by special creation or resident 
evolution, by alongshore migration (necessarily from either southwest 
or northeast), by flotation (as embryo?) on wave or seaweed, by equi- 
tation perhaps on the back of some wandering shark, or via a vagarious 
waterspout, is not the concern of this paper, but the fact that, when 
once established in the narrow east-west (or rather southeast-north- 
west) facial zone in which alone they could live and undergo fossiliza- 
tion, their subsequent fortune was tied up wholly with this zone as 
it was slowly shifted westward by delta growth. Hence, the record 
of their presence always begins lower at the east than at the west, 
where some species persist even after continental sediments invaded 
their former eastern habitats, as happened to the Chemung fauna in 
its type area. 
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In casting about for a subject worthy of this occasion it has occurred 
to me that you may be willing to listen to something that is not new. 
For twenty years now mankind has been flogged steadily with the whip 
of selfish ambition, wielded first by war makers and war profiteers and 
afterward by a succession of interests greedy for wealth or for power. 
In seeking relief we have travelled farther along the road of civilization 
than ever before in the same time; but we are feeling the pace, and we 
find ourselves in strange social, economic, and political surroundings. 
If I am not mistaken there is an inclination to turn away from selfish 
competition and from utterly new situations to familiar and kinder 
things. The art of good writing is one of these familiar, kind things. 
It is so wholly beneficent that a well known Shakespearean passage 
might fitly be paraphrased to read: it is twice blessed; it blesseth him 
that writes and him that reads. 

There is another more particular reason for us to consider this sub- 
ject. When Doctor Penrose made his princely bequest to the Geologi- 
cal Society he gave us, in ample amount and in perpetuity, the means 
to further the objects of the Society. We are using this means chiefly 
for two purposes. One is scientific research; the other is publication. 
In round figures we have undertaken this year (1934) to spend 55,000 
dollars for research and 27,000 dollars for publication. Under the wise 
management of the principal by the Finance Committee the amounts 
available for these purposes are likely to be augmented in years to 
come. Being thus engaged on a considerable and growing scale in the 
publishing business is it not timely and appropriate for us to consider 
whither we are heading through the fields of literature, as a Society 
and individually? 


* Manuscript received by the Secretary of the Society, January 7, 1935. 
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I 


Nine-tenths, possibly ninety-nine per cent, of geological writings are 
written for geologists and for persons interested in the technical and 
business applications of the science. They comprise the transactions 
of societies, scientific periodicals, reports of government bureaus and 
research institutions, text books, and treatises. We spend a vast amount 
of time, effort, and money in composing these writings, giving them 
elegant or impressive style, and beautiful and lasting printed form. 
It is all the more disconcerting, therefore, to be told that they are not 
literature. The great authorities are at one on this point. Webster 
defines literature as “the class of writings notable for literary form or 
expression as distinguished from works merely technical or erudite.” 
According to Funk and Wagnall’s dictionary literature in its strictest 
sense embodies thought that is power-giving or inspiring and elevating 
rather than merely knowledge-giving. Morley states that “literature 
consists of all the books . . . where moral truth and human passion 
are touched with a certain largeness, sanity, and attraction of form.” 
By literature Dean Stanley means “Those great works . . . that rise 
above professional or commonplace uses, and take possession of a whole 
nation or a whole age.” 

Are we to be discouraged by this severe distinction from continuing 
to take care and pleasure in writing our books, reports, and papers? 
On the contrary, perhaps we can profit by learning what are the essen- 
tial differences between literature and scientific writings and what 
are the proper attributes of each. We can accept the star’s challenge 
to Thomas Hardy— 

“A star looks down at me 
And says, Here I and you 
Stand, each in our degree. 
What do you mean to do? 
Mean to do?” 


Enthusiasts among us declare that it is possible to make a geological 
article as entertaining as a story. If this is so we seem to have made 
little use of our opportunities. In thirty years as a reader of geology 
I have enjoyed this experience but once, when I read the first chapter 
of “Das Antlitz der Erde.” Why, then, are geological best sellers so 
rare? The answer is not hard to find; it is really afforded by the above 
mentioned exception, which is more an account of the greatest of 
human legends, the deluge, than of a geological subject. 

Literature in the strict sense has one common and invariable char- 
acteristic. It is always concerned with some aspect of human affairs. 
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The strivings of humanity are its fundamental interest. At one extreme 
the drama is exclusively occupied with this subject. At the other end 
of the scale are descriptions of nature that seem at first sight to be 
engrossed in this topic; yet even in these the underlying leitmotiv of 
human interest never fails to crop out. Take for a single example with 
a geological flavor this extract from Ruskin’s “Modern Painters.” “In 
Granite districts” he says “the quiet streams, springs and lakes are 
always of exquisite clearness, and the sea which washes a Granite coast 
is as unsullied as a flawless emerald. It is remarkable to what an extent 
this intense purity of the country seems to influence the character of its 
inhabitants.” In this choice of human concerns as a subject literature 
has a supreme advantage over all other kinds of writing. No other 
subject compares with it in interest, variety, and subtlety. No other 
so appeals to the heart. 

A second notable characteristic of literature lies in the method of 
argument. Novelists, dramatists, and poets, in their particular fields, 
are probably as able and conscientious observers as scientists. They 
use their observations as carefully as we do in the foundations of their 
philosophies. But in their writings specific facts and events serve an 
entirely different purpose to that in scientific writings. Facts, to the 
literary writer, are merely the materials needed to give expression to 
his conclusions, the paint for making the picture. Imaginary facts 
are as good or better than real ones. The principle of poetic licence 
admits the propriety of changing a fact to suit a writer’s purpose. Like- 
wise, facts are selected or neglected to suit the writer’s convenience, 
even to some extent in historical works like Carlyle’s “History of the 
French Revolution.” In short, most literary writers have for their 
object, once they commence to write, a convincing exposition of their 
beliefs rather than a critical examination of these beliefs. With them 
integration of facts and events into thought is an earlier and private 
process not revealed to the reader. When the time comes to write, they 
are not hampered either by lack of data or by the need to prove their 
conclusions. 

To achieve this convincing exposition of a writer’s views literary 
thought is dressed as effectively as possible. Appeal is made to the 
imagination, the emotions, and even to the senses, by literary invention, 
imagery, felicitous diction, and rhythm. The language of literature 
is rich in adjectives and adverbs for description and comparison, in 
exclamatory words expressive of emotion, and in figures of speech. 
Especially in poetry ideas are conveyed by suggestion rather than by 
precise statement. Emphasis is obtained by varied reiteration. Con- 
sider, for example, that passage in the Book of Ecclesiastes that begins 
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“Or ever the silver cord be loosed, or the golden bowl be broken, or the 
pitcher be broken at the fountain.” What force is developed by the 
rolling succession of “or,” “or,” “or,” and yet how commonplace is the 
meaning when reduced to a plain statement! 

Compare now the situation of the scientific writer. We are just as 
desirous as are the men of letters to put our ideas in such form that 
they will be read with belief and with pleasure. But scientific writings 
are denied or lack all three of the aforementioned great advantages of 
literature. Except for the motive of material profit geological science 
has little human interest. It is highly impersonal—if we leave out of 
consideration the controversies that occasionally warm it with human 
feeling. Neither may the geologist give that untrammeled advocacy 
to his opinions that the man of letters does. Sometimes we yield to 
the seduction of the perfect theory, but in our more self-contained 
moments we are the priests of facts. Never are we permitted by our 
respect for the strict truth to draw a finished picture. We must leave 
in it the construction lines, in other words, the data. Where data are 
lacking that part of the picture must not be finished, except in the 
faint lines of hypothesis. Where they appear to be contradictory and 
embarrassing they must, nevertheless, not be left out. Again, while 
the man of letters paints with many and brilliant word pigments we 
must be content to draw in monochrome. If a piece of literature can 
be compared with a painting, scientific writings are the architect’s 
drawings. Precision comes before beauty. Thoughts are presented with 
judicial disinterest instead of with fervid advocacy. Understatement 
is our approved method of emphasis. 

On the other hand, we have two assets not so fully available to liter- 
ary writers. Instead of making our appeal to the emotions through the 
supreme interest in human affairs we draw upon the seemingly in- 
exhaustible wonders of Nature to stir the imagination. What more 
wonderful topics could we ask for than the upward evolution of living 
creatures, the perfections of crystal structure, the changing face of 
the continents through geological time, or those breathings of the earth 
that make its hills spout fire or skip like rams? 

Secondly, we have rare opportunities to excite the pleasure that 
everyone has in the exercise of the reasoning faculty. This is one of 
the most pervasive of human diversions. It takes such varied forms 
as crossword puzzles and limericks, as bridge and chess, and includes 
among its devotees great statesmen, jurists, and dignified members of 
this Society. In literature it is represented by the detective or mystery 
story. The essence of the mystery story consists in leading the reader 
to solve the mystery himself. He becomes so interested in it chat he 
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examines the evidence himself, experiences for himself its preplexities, 
and anticipates the climax. The more intricate and baffling the situa- 
tion the better. Even so with geological problems. Every geological 
problem is a potential mystery story, though we infrequently treat it 
as such when the time comes to write about it. They are interesting 
alike to investigator and to reader in proportion to their complexity and 
subtlety. If we could be certain of solving all the problems we tackle 
geology would be a dull subject. Yet oftener than not in relating the 
results of our investigations we fail to share with our readers the mis- 
takes, false trails, and other intricacies that gave zest to the investiga- 
tion. Instead, we are apt to render the papers we write easy and 
correspondingly dull by describing only the successful steps, in their 
logical sequence, and not in the order in which they were actually taken. 

If we are not skilled in literary arts like these there is at least one 
saving grace available to us all. We can be brief. Brevity certainly 
is an important attribute of wit. How often, in plodding through 
elaborate introductory passages, petrographical descriptions, and the 
like do we feel like exhorting with Petruchio “Come on, ’O0 God’s sake!” 
For these faults of verbosity and indirection a good prescription is to 
read our best American text books of geology, which are models of 
conciseness and clarity. Sometimes we offer amends by attaching sum- 
maries to geological articles. This practice is common enough that 
presumably it has some virtue. Therefore my failure to discern its 
merit is voiced in no dogmatic spirit. To me, however, a summary 
appended to a paper is in the nature of a belated atonement for the 
undue length of the paper itself, and one placed near the beginning is 
an apology for the prolixity of what is to follow. Both appear to be 
only a simulation of brevity. Would it not be better either to write 
the article so compactly that a summary would not be needed or, in 
extreme cases, to publish only the summary? No self-respecting 
novelist, essayist, or poet would dream of attaching such an appendage 
to his work. Against the argument for summaries, that we have not 
enough time to read the flood of current geological literature, I contend 
that our time should be conserved by the authors of this flood by better 
writing, and our reading habits improved thereby. When Archibald 
Geikie delivered the first of the George Huntington Williams series of 
memorial lectures at The Johns Hopkins University in 1897, he ex- 
pressed himself on this point in the following strong terms: “A very 
large mass of the geological writings of the present time is utterly 
worthless for any of the higher purposes of the science, and . . . it may 
quite safely and profitably . . . be left unread. If geologists, and espe- 
cially young geologists, could only be brought to realize that the addi- 


‘ 
| 


360 W. H. COLLINS—GEOLOGY AND LITERATURE 


tion of another paper to the swollen flood of our scientific literature 
involves a serious responsibility ; that no man should publish what is 
not of real consequence, and that his statements when published should 
be as clear and condensed as he can make them, what a blessed change 
would come over the faces of their readers, and how greatly they would 
conduce to the real advance of the science which they wish to serve.” 
It seems to have been a voice crying in the wilderness. 

A notable difference between literature and scientific writings is to 
be found in the lengths of time that they remain current. It is about 
one hundred years since Heine wrote “Du bist wie eine Blume.” This 
poem, of two stanzas, each of four short lires, embodies one simple 
thought, but a thought as old and enduring as family affection itself, 
and a thought expressed in such beautiful language that the poem has 
as great an appeal today as when it was written. It is as simple and 
beautiful and indivisible as a pearl. So perfect is its construction that 
it has not been successfully translated into English, though the attempt 
has been made. It will, no doubt, continue to be read until the same 
thought is expressed more beautifully, which seems improbable. For 
the same reason we continue to use, over and over again, quotations 
from Shakespeare, Omar Khayam, the Koran, and other sources of 
even greater antiquity. These writings survive because of their beauty 
and the agelessness of the thoughts they convey. 

Contrast with this our geological writings. Except as archives, how 
often do we read geological works that are more than one generation 
old? A few, like Lyell’s “Principles of Geology,” we still read for the 
sake of making or renewing acquaintance with the personalities of 
the authors, just as we read the poets and other literary aristocracy. 
We read them for their literary qualities. But the great majority of 
papers and books have lost interest for us. The useful facts and ideas 
they contributed to geology have been extracted and incorporated into 
the later records of a swift-growing science. What remains, if it lacks 
literary quality, is only tasteless pulp sucked dry of its original juice. 
Its value has become almost solely historical. 

Why, then, should we lay such store by these obsolete writings? 
Text books and monographic works may persist through generations 
by a process of rejuvenation, new editions taking the place of obsoles- 
cent ones, even far beyond the life-span of the original author. We 
have notable examples of such in America, and a worthy service can 
be performed by the on-coming generation in maintaining the best 
of these by collaborative authorships. But why should we take such 
elaborate and expensive care to preserve the long rows of volumes of 
transactions of learned societies and the reports of government institu- 
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tions that fill our library shelves? Recently the University of Cali- 
fornia Press adopted the plan of printing twenty-five copies of its 
publications on extra-fine durable paper for distribution to selected 
libraries to ensure preservation of some copies of these works. Prob- 
ably we shall all agree that this is a wise provision, for original articles 
are apt to contain opinions susceptible of different interpretations and 
data that are useful for more than the author’s original purpose. Never- 
theless, in the next breath, I venture to suggest a corollary to this 
proposition as not unworthy of consideration; namely, that all but 
a few copies of scientific publications, intended for the more important 
reference libraries, should be printed on paper and bound in covers 
that would not fail to fall to pieces in forty or fifty years. Our libraries 
would then be less like cemeteries. It is unlikely that any important 
loss would result. Heine’s little poem would have survived had it been 
first printed on butcher’s wrapping paper. The “Principles of Geology” 
has not endured by virtue of the quality of the paper on which it was 
first printed. The substance of less valuable works would almost cer- 
tainly be salvaged by a more systematic use of the existing practice 
of quotation and abridged reprintings. Anyone who has had the 
experience of revising an old report or paper for republication will 
appreciate what a great saving in bulk and economy of reading is 
possible. Limitation of complete collections of periodicals to a few 
important libraries would be no serious hardship to research workers, 
either, for there are already in use quick and inexpensive photographic 
and lithographic methods of copying books. 

It is true, books deliberately made to perish would not serve as 
physical memorials of ourselves to future generations of geologists, 
but it is easily possible to overvalue such desiccated records. It was 
once suggested to Rossini that a monument be erected to commemorate 
his greatness as a composer of music. When he was told that it would 
cost 20,000 francs, he, being not yet rich, said “Give me half that sum 
and I’ll stand on the pedestal myself.” 

Geological writings, especially in North America, suffer in quality 
from another condition. Literature is required to be profitable for 
its publishers. It must be so highly esteemed by the public that it 
can be sold in sufficient quantities and at high enough prices to return 
profits to the publishers, and even to the authors. Consequently, the 
standards set by the public are most carefully respected. The bulk 
of our geological writings are not subjected to this test. They return 
only a fraction of the cost of publication, or even none, and distribu- 
tion is assisted by some or all copies being given away. As the most 
ample facilities for publication exist, the only means of upholding and 
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improving the quality of our published writings is the censorship of 
our science editors. The Geological Society of America has a particu- 
larly great responsibility in this respect, because it has such large 
financial means and because it has set for itself leadership in the 
geological sciences. This is not merely an academic question for the 
Society. The volume of manuscript received has been mounting 
steadily, and will be greatly increased by reports upon Penrose Project 
Grant investigations. At the present time, manuscript equivalent to 
about 5,000 printed pages, or enough for two years’ ordinary output, is 
awaiting publication. Unless this volume can be reduced an increase 
of thousands of dollars will be required yearly for publication and a 
larger editorial staff. Our standards of scientific writings are also 


involved. 
II 


Up to this point we have been dealing with the nine-tenths or more 
of our geological writings that we prepare for ourselves and that are 
too technical to be understood or to be of interest to others. Let us 
turn now to the small remainder that is broader in appeal. 

At a meeting like this, where we are happily absorbed in one another’s 
scientific affairs, we are prone to forget how completely dependent we 
are upon the rest of society. We do not stop to think that each of us 
came from the great world outside our present geological circle, and 
that for its continuity, geology depends upon the attraction it will 
have for successive generations of recruits. We derive our livelihood 
from a society of non-geologists, and our moral strength is sustained 
by serving that society. Our geological institutions are financially 
maintained by non-geologists, and our researches are supported mainly 
by non-geologists. Now, we repay society ior our support by perform- 
ing some useful part in making available the mineral wealth of the 
earth, by contributing our knowledge of rocks and rock structures to 
engineering enterprises of all sorts, and our knowledge of earth dynamics 
for the safety of mankind. But if all sciences, all specialized groups 
of society, contributed only material benefits like these, our civilization 
would be incomplete, spiritually static, or even self-destructive. Indeed, 
there is reason to believe that a preponderance of progress in material 
things during the last century has now induced a dangerous measure 
of self-destruction. There is greater need than ever before to remember 
the caution “What shall it profit a man if he shall gain the whole world 
and lose his soul?” 

With material progress should go a corresponding growth of our 
capacity to enjoy these material benefits and to share them with our 
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fellow men. That capacity is spiritual, and by spiritual I mean those 
attributes that govern our intellects and our bodies, or what we call 
character. Geologists, like all other specialized groups in society, must 
contribute to the spiritual development of society if we are to perform 
our full duty to society. We must find in our scientific pursuits those 
things that excite and feed our spiritual aspirations, and we must con- 
vey those same things to the rest of the world. In order to do this we 
must preserve a sympathetic understanding of the ordinary affairs of 
life. Buckle, in his History of Civilization says “When the interval 
between intellectual classes and the practical classes is too great, the 
former will possess no influence, the latter will reap no benefit.” This 
interval cannot be bridged successfully by any go-between. It should 
be kept narrow enough for direct communication. In the geological 
sciences, however, the interval is widening. Until less than a century 
ago the leaders of geology were largely physicians, lawyers, clergymen, 
and persons from other occupations attracted by the wonders of a 
new and unspecialized science. Already it has become a group of highly 
specialized sciences barricaded to the public by technique and learned 


jargon. 
Fortunately, we all have means of communication across this widen- 


ing gap. A large share of our fellowship have the good fortune to be 
teachers and to have a most intimate means of communication with 
their students and with the public. Others, who are connected with 
museums, have highly specialized and dramatic means. But all of us 
can use the written word to add to the meagre but exceedingly impor- 
tant stream of those writings that, to quote again, “embody thought 
that is power-giving or inspiring and elevating rather than merely 
knowledge giving.” 

English literature contains disappointingly few references to geology. 
Tennyson’s “In Memoriam” contains one fine part, commencing, “There 
rolls the deep where grew the tree,” in which he sums up in concise and 
beautiful imagery the substance of paleogeography. Ruskin in “Mod- 
ern Painters” and Lord Avebury in “The Scenery of England” make 
sustained efforts to show how a knowledge of geology enhances appre- 
ciation of the beauties of the earth’s surface. But, with a few such 
exceptions, both in prose and poetry, geological philosophy is absent 
from literature. Mountains and other geological objects are employed 
merely as stage furniture, without comment upon their meaning. This 
dearth of geological references is all the more conspicuous because 
literature is full of references to the other outdoor science, biology, often 
of the most sustained and scientifically informed nature, as, for example, 
Maeterlinck’s “Life of the Bee,” the insect epics of Henri Fabre, or 
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the ethereally beautiful personification of a cluster of daffodils by 
Wordsworth. 

There are two reasons for this sparse representation of geology in 
literature, one of which time will overcome. Geology is really a young 
science, though its beginnings reach many centuries back. Nearly all 
we know of the science has been gained in the last one hundred and 
fifty years, and most of it within the latter half of this period. Also, 
it is evident from our ignorance of the causes of such fundamental 
phenomena as mountain-building, the configuration of the earth’s sur- 
face into continents and seas, and changes of climate that we are just 
started on our scientific journey. Only the last generation of great 
writers have had much to learn from us. There does seem, however, 
to be an acceleration in this direction among modern writers. Out- 
standing among these is Alfred Noyes, who in one passage prophesies: 


“These rocks, these bones, these fossil forms and shells 
Shall yet be touched with beauty and reveal 
The secrets of the book of earth to man.” 


A more refractory impediment lies in the inanimate nature of geologi- 
cal objects and the remoteness of geological processes from current 
human affairs. Literature is primarily concerned with humanity. The 
events of the geological past have little obvious relation to human 
life, and geological processes are too deliberate to impinge noticeably 
upon our daily lives, or even upon history. The point is illustrated by 
Mark Twain’s story of his attempt to ride down the Alps on a glacier. 

Despite these disadvantages, there undoubtedly is a considerable 
opportunity to enlarge and improve the influence of geology upon 
human thought and literature. Though it is rarely given to us to 
combine high scientific and literary abilities, we each have the gift of 
verbal expression in some degree. We can strive some part of the way 
toward the heights of literature. In so doing we shall fulfil another 
humbler but important function, that of preparing literary food for 
those who do possess literary genius but who are not scientists. These 
great writers will not and can not read scientific writings. To them 
the language and mode of thought of science are foreign, and too diffi- 
cult to learn. They need translators—and at that, translators endowed 
with something of their own ability to distil beauty and inspiration 
from facts. We all have this double opportunity of making our own 
humble contributions to literature and of interpreting the geological 
sciences to greater writers than ourselves. Some of our efforts have 
been notable in themselves. 
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Within the literary capability of each of us is the short descriptive 
article, and subjects for these articles abound. Almost any neighbor- 
hood has its river, glacial deposits, fossil-bearing ledge of strata, or 
other interesting geological feature. The automobile, which has be- 
come an efficient means of travel within our own generation, has en- 
larged the area of observation of the average person twenty or thirty 
times, but not his capacity for observation. As yet motorists are too 
fond of scooting through the country faster than their neighbors; we 
still travel mainly to arrive. A new and rather important opportunity 
for intellectual enjoyment waits for us. It would be an interesting 
experiment for the geologists and other outdoor scientists of any city 
or town to ascertain by trial what popular use would be made of 
descriptions of the natural history features of their neighborhood. 
National parks, because of the exceptionally interesting natural features 
they contain and because of the streams of visitors to them, are par- 
ticularly favorable subjects for popular science description. The 
Assistant State Paleontologist of the New York State Museum has this 
to say: “A picnic at the Indian Ladder in the earlier days meant a day’s 
trip by horse and carriage or a long tramp from the railroad station at 
Voorheesville or Meadowvale, and one very often had the place 
entirely to himself. The automobile has shortened the distance from 
Albany, and with the establishment of the John Boyd Thacker Park 
and the construction of a new road in the park, the number of persons 
visiting the Indian Ladder area has increased year by year. From 
early summer through the lovely fall days one can no longer expect 
to be alone there. There are picknickers and excursionists through the 
day, and as they depart in the late afternoon they pass cars bringing 
in those coming to cook their suppers and to find, in this beauty spot, 
relaxation and a brief change from the heat and noise of the city. 
Besides these there are students of geology and palaeontology who are 
brought to this region to study the classic section; and meetings of 
societies, scientific and otherwise, are sometimes held here. All this 
has created a popular demand for some publication from which a 
knowledge of the region can be obtained.” 

The essay is another fairly easy literary vehicle for popular scientific 
expression, and of greater scope than the descriptive article. As its 
name implies, the essay is tentative. It is usually short, and has no 
conventional literary form. Characteristically, it deals with a single 
topic from the viewpoint of the experience and philosophy of its author, 
thus affording us an easy, informal, and discursive outlet for the results 
of our meditations as well as our observations. John Burroughs has 
shown how delightfully the essay can be employed on a wide variety of 
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outdoor subjects—flowers, birds, trout fishing, and even geology, though 
he was not a trained geologist. His essay on springs has such charm as 
to cause a feeling of loss for the masterpiece that he doubtless would 
have written had he been a geologist, or that one of us could write 
if we possessed John Burroughs’ literary skill and human sympathy. 
As far as my knowledge of geological literature goes, there is a note- 
worthy scarcity of essays by geologists. I have not found any that can 
be called pure essays, but there are some, written by members of our 
Society that closely approach the essay. It would be highly presump- 
tuous of me to attempt any comprehensive survey of what we have 
produced in this and other literary forms, but I would like to refer to 
three that exemplify the wide range afforded us by the essay and that 
I can heartily recommend to anyone here who has not read them. “Out 
of Beaten Paths,” published in the University of California Chronicle 
(January, 1926), is an account of a geological expedition across the 
Canadian prairie in 1882, when the first railway was being built into 
that new territory. It is on the border line between the descriptive 
article and the essay. Description, tolerantly humorous personalities, 
and touches of philosophical thought are blended and expressed with 
a conversational ease that makes enjoyable reading, though it would 
probably be deceptive to an imitator. It closes with this fine passage: 


“To have seen the beginnings of this great expansion of empire, to have traversed 
the land in its pristine condition before the invasion set in, was my first great 
adventure, an experience which I look back on with that peculiar pleasure that 
arises from participation in events which are unique as well as great. I had seen 
a piece of the New World, as new as was New England when the Pilgrim fathers 
landed. I had seen it as it will never be seen again, and I have the feeling that 
my youth was in a certain sense synchronous with the youth of the world, before 
it was filled up with people.” 


In contrast to this article, which leads its readers to the simple 
frontiers of civilization, another, entitled “Exploitation and World 
Progress” (Foreign Affairs, October, 1927) gives us a view down into 
the arena of international affairs, and a feeling that perhaps we should 
be something more than disinterested onlookers. Strictly speaking, 
“Exploitation and World Progress” is not an essay, but it deserves a 
high place among those short. thought-inspiring communications from 
our small circle of workers in the geological sciences to the world of 
people outside. 

Among the multitude of interesting creations for the Century of Prog- 
ress Exposition at Chicago is a little book called “The Story of a Bil- 
lion Years” (The Williams and Wilkins Company, Baltimore), which 
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is yet another adaptation of the essay for interpreting geology. The 
first chapter is entitled “Geology, the Easy Science.” This comforting 
assurance is actually realized in the book by deft weaving of the ele- 
mental truths of geology into a story that is easy to follow and is 
related in agreeable every day language. The author has performed 
a fine service by writing a popular introduction to geology that makes 
the subject inviting. 

Short literary articles of the foregoing kinds are at one serious dis- 
advantage. Professional literary writers write so much that their 
works can be collected into book form and thus find a convenient 
and permanent place in our libraries. Scientists, on the other hand, 
are apt to produce too scanty a crop of short literary contributions for 
these to be collected into book form from the various periodicals in 
which they are first printed. They soon drop out of sight. It is 
altogether likely that much good literature, the cream of our geological 
writings, has been lost in this way. There must be some feasible way 
to recover it, and therein lies a problem that is perhaps worthy of the 
attention of our Committee on Publications. 

For those few who have the requisite knowledge and the ability to 
present it in simple, thought-inspiring form, the popular treatise affords 
a much greater, though more difficult, field than do short articles. Also, 
the geological group of sciences is far richer in this kind of subject than 
other sciences, not even excepting biology. Mountain-building, the 
nature of the earth’s interior, ice ages, the structure of crystals, the 
procession of life in past ages, and many others come to mind at once. 
Any of these subjects holds wonderful possibilities for stirring the 
imagination. Take, for instance, this arresting concept, from “Ice 
Ages Recent and Ancient,” of the precariously delicate balance that 
has enabled life to continue from the beginning on a planet travelling 
through bitterly cold space. 

“Space is intensely cold . .. generally supposed to be... 273° below the 
freezing point of water... . There are innumerable bodies scattered through space 
which we know to be intensely hot, since they shine brilliantly with their own 
light; but there are also innumerable dark bodies . . . some of them perhaps... 


devoid of heat. Our earth is such a dark body.... We live in a glass house 
warmed by an infinitesimal part of the energy sent out by a furnace 92,000,000 
miles away. ... Comparatively slight changes in the supply of heat would dis- 


arrange our whole economy if they did not destroy life.” 


A remarkably good example of the treatise is “River Development,” 
by I. C. Russell. Perhaps a more intriguing title could have been 
chosen, but the book itself is a highly successful scientific and semi- 
popular treatment of a subject that holds a familiar and interesting 
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place in the lives of nearly everybody. The charm of this book lies 
in the skill with which the phenomena of rivers, separately not very 
meaningful, are fitted together into a pattern that grows steadily more 
intelligible, like the strokes of a drawing. Simplicity has been attained 
with little if any sacrifice of scientific value. Such few technical terms 
as are used are simply explained. No striving after literary effects is 
apparent; the style and diction have something of the limpid quality 
of spring water. 

But, good as “River Development” is, it neglects one of the best 
opportunities that geology affords to gain a lasting place in the ranks 
of literature. Rivers enter into our daily affairs in the most diverse 
and vital ways. They are a source of esthetic pleasure, of recreation, of 
health, of adventure, of disaster in many forms. They turn the 
wheels of industry; they carry the craft of commerce; and they govern 
the pattern of civilization, since our cities and towns must have unfail- 
ing supplies of fresh water. This rich field of human interest is 
ignored in “River Development.” It is useless to contend that such 
an appeal to human interest would be inappropriate in a work of this 
kind. There is never enough of it. A recent magazine article gives 
this advice for writing interesting scientific treatises. “If you take one 
important field of human knowledge of endeavor that really affects 
human behavior, and dramatize that knowledge—you have a great 
chance of becoming a best-selling author.” For geologists the rub in 
this advice lies in the clause, “that really .ffects human behavior,” 
but as in the case of “River Development”’ it does exist. 

Except for the deficiency above mentioned, “River Development,” 
like numerous other geological treatises that have been written, is well 
suited to interest people of all sorts in geology. One could wish that 
such a fine book would remain in circulation at least until a better 
one displaces it. But there are some indications that it does not fully 
enjoy such a useful career. It was written in 1897 and printed in 1903. 
As far as I know only one edition has been published, and no better 
treatise on the same subject has followed it. As a popular scientific 
work it is as good as when it was written; but probably it is gradually 
being forgotten. As a reference work for geologists it is still an excel- 
lent exposition of its subject, though it begins to show a lack of the 
advances that have been made in thirty-seven years. But even for 
this purpose its use has probably declined greatly. All scientific writ- 
ings are short-lived because of the quick growth of science. But they 
are further shortened by being forgotten, and it may be worth while 
for us to consider whether we can perform a service to geology by sus- 
taining or reviving interest in some of the fine books of the past. 
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Historical aspects of geology, including biography, are subjects well 
worthy of our literary abilities. A worker in any science without 
knowledge of the development of that science may be likened to a 
traveller emerging from a railway station in a strange city. He can 
follow the stream of fellow travellers to the street, but thereafter, unless 
he makes himself acquainted with the form of the place, he will lose 
much time in reaching his particular destination. In the “Founders 
of Geology,” Geikie has this to say: “. . . no thorough grasp of a sub- 
ject can be gained unless the history of its development is appreci- 
ated. . . . It is eminently useful now and then to pause in the race, and 
to look backward over the ground that has been traversed, to mark the 
errors as well as the successes of the journey . . . and to realize what 
have been the influences that have more especially tended to retard 
or quicken the progress of research. 

“Such a review is an eminently human and instructive exercise. 
Bringing the lives and deeds of our forerunners vividly before us, it 
imparts even to the most abstruse and technical subjects much of the 
personal charm which contact with strenuous, patient, and noble 
natures never fails to reveal.” 

The June issue of our Bulletin for 1934 contains a paper on “The 
Origin and Nature of Ore Deposits—an Historical Study,” which re- 
veals the wealth of human interest that can be recovered from the 
past—a past of persons who seem quaint and of beliefs, seriously held, 
that are now naive, ludicrous, or fantastic. Yet papers like this help 
us to realize how from these beginnings in the realm of superstition 
and inductive reasoning, has emerged our modern deductive method 
of scientific thought—probably a far more valuable inheritance than 
the geological knowledge that has come to us. 

There are several excellent works on the evolution of geology up to 
the beginning of this century. These are by European writers and deal 
mainly with developments in Europe, where the science may be said 
to have been born and spent its youth. They give little space to 
developments outside Europe. I am not aware of any similarly com- 
prehensive account of what has happened in North America from about 
1840 to the present time. Much has been written on special phases of 
the subject or incidentally, and at least two good reviews of progress 
have been issued by the presses of Johns Hopkins and Columbia uni- 
versities. Nevertheless, a splendid service can be rendered to geological 
science by telling in entertaining biographical fashion the story of its 
growth in North America. 

Some one has said that history is the shadow cast by the lives of the 
procession of great men of the world. This is just as true of the his- 
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tory of geology. The geological hall of fame contains a long line of 
such great figures as Werner, Hutton, Hugh Miller, Lyell, Hall, Agas- 
siz, Dawson, Gilbert, Leidy, Suess, Chamberlin. These men have 
exercised, each in his characteristic way, noteworthy influence upon 
modern thought and action. The stories of their lives are a lasting 
inspiration to later generations. These stories can best be told by 
fellow geologists, who have known the men and can expertly appraise 
their achievements. It is not necessary to dwell upon the importance 
of biography, for there are few scientific organizations that do not 
realize it and make a practice of publishing accounts of the lives of 
their deceased members. But such articles have one generic defect. 
Being written while our memories are still poignant and before we can 
look at the achievements in the true perspective of time, they are apt 
to be overly eulogistic. It would be a relief to hear more about the 
stubborn defeats and the honest mistakes of our fellow scientists. In 
his word portrait of a lady, Maeterlinck exclaims: “Thanks to the 
gods, she does not present that stillborn perfection which possesses 
all the virtues without being vivified by a single fault. .. . A virtue 
is but a vice that raises instead of lowering itself, and a good quality 
is but a defect that has turned itself to use. . . . How should she be 
just if she were unable to be hard, how brave if she were not rash?” 

Biographical essays written on commemorative occasions afford bet- 
ter opportunities for balanced, philosophical accounts of the lives of 
outstanding persons. The address to the International Geological 
Congress at Washington last year on Sir Charles Lyell, on the cen- 
tenary of the publication of “The Principles of Geology,” is a good 
example. 

Finally, there is poetry. A century ago, Wordsworth entertained 
the belief that poetry was destined to deal in some inspired way with 
the discoveries of science. A generation ago, Archibald Geikie ex- 
pressed a like opinion. He wrote, “It was reserved for a poet of 
our own day (Tennyson) to look below the technical jargon of the 
schools, and to descry something of the wealth of new interest which 
the landscape derives from a knowledge of the history of its several 
parts. But Tennyson only entered a little way into this enlarged con- 
ception of Nature. There remains a boundless field for some future 
poetic seer, who, letting his vision pierce into the past, will set before 
the eyes of men the inner meaning of mountain and glen.” In our 
day, Alfred Noyes declares his similar faith in lines that I have 
already quoted. 

These expectations have been meagerly fulfilled. Modern prose 
writers have made abundant use of the revelations of science; but not 
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the poets. A survey of poetry indicates that the poets are absorbed, 
to the virtual exclusion of all else, in those human actions and aspira- 
tions that issue from the spirit or character as distinguished from 
those that proceed from the intellect. They have found only a little 
of their favorite subject matter in the dispassionate, purely intellectual 
pursuits of science. Also, they have cultivated a kind of literary expres- 
sion adapted for the appeal to the emotions and not to reason. Wat- 
son, the English poet laureate, has summed the matter up in these 
lines addressed to a contemporary poet, Kenneth Knight Hallowes, to 
whom further reference will be made. 


“Forget not, brother Singer, that though Prose 
Can never be too truthful or too wise, 
Song is not Truth, not Wisdom, but the Rose 
Upon Truth’s lips, the light in Wisdom’s eyes.” 


The appropriate function of the poet to science appears to be to 
extract from the achievements of science those thoughts that exalt 
our emotions. It is the subtlest of all means of communication from 
the scientist to the rest of mankind, and probably the most to be 
prized. It is comparable to the distillation of perfume from flowers, 
both in the delicacy of the process and in the minute proportion of the 
end product. Geology, since it deals with inanimate things of the 
past that have little emotional appeal, is a poor science for the inspira- 
tion of poetry as compared with biology or astronomy. Its limitations 
are perceptible in a small book of poems entitled “The Poetry of 
Geology,” by Mr. Hallowes (Thomas Murby and Company, London) 
that came out last year. Nevertheless, even geology yields a small 
but precious distillate to those who can perceive hidden beauty and 
depict it. Sometimes it comes from unexpected sources, as, for ex- 
ample, the bleak mining camp of Butte, which is the subject of the 
following sonnet by one of our present Fellows (A. C. L.).2 


O! Gaunt scarred buttress of the great divide, 
Bereft of trees that once adorned your slopes, 
Heaped high with piles of dross on every side, 
Evisceration of a thousand stopes, 


What cyclopean power your substance rends, 
Deep delving in primeval adamant? 

What race of giants here with Earth contends, 
To wrest from her a meed of metal scant? 


1 Published with the permission of the Engineering and Mining Journal. 
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Not heeding Gods, Olympian hills they bore; 
All nonchalant they smite the rock, and know, 
That Hercules with his great club, nor Thor, 
Could never have delivered such a blow. 


Heroic myths were themes of ancient lays; 
But who will sing the deeds of modern days? 


Notice, however, that the theme of this sonnet is not geology, but 
the nonchalant manner in which the modern miner outdoes the mighty 


feats of mythology. 

An even more remarkable example of poetic inspiration from un- 
likely places is the following poem by a famous correspondent of the 
Chicago Tribune, who signed his articles with the initials B. L. T. 
Here is something scarcely less astonishing than wild honey from the 
lion’s carcase of biblical mythology: humour, most complex of all 
human emotions, from the ancient bones of a dinosaur in a city museum. 


THE DINOSAUR? 


Behold the mighty dinosaur, 

Famous in prehistoric lore, 

Not only for his weight and strength 
But for his intellectual length. 

You will observe by these remains 
The creature had two sets of brains— 
One in his head (the usual place), 
The other at his spinal base. 

Thus he could reason a priori 

As well as a posteriori. 

No problem bothered him a bit ; 

He made both head and tail of it. 

So wise he was, so wise and solemn, 
Each thought filled just a spinal column. 
If one brain found the pressure strong 
It passed a few ideas along; 

If something slipt his forward mind 
’T was rescued by the one behind; 

And if in error he was caught 

He had a saving afterthought. 

As he thought twice before he spoke 
He had no judgments to revoke; 

For he could think, without congestion, 
Upon both sides of every question. 
O, gaze upon this model beast, 
Defunct ten million years at least. 


® Published with the permission of the Chicago Tribune. 


a 


ADDRESS AS RETIRING PRESIDENT OF THE GEOLOGICAL SOCIETY 373 


A truly enviable beast! who never shared with us the pains of 
ratiocination; who could have faced undismayed the intricacies of the 
method of multiple hypotheses! 

Lest you judge too critically this more bold than prudent venture 
into such a difficult subject as the literary aspects of geology, let me 
repeat my reason for doing so. The venture has been a practical one, 
without pretensions to literary merit. The sudden affluence of the 
Geological Society has forced the Society as suddenly into new or 
greatly enlarged activities, one of which is an ambitious specialized 
scheme of publication in place of the old Bulletin. There has been 
little time for cautious trial of our increased means. It will be sur- 
prising if there are not some mistakes, some waste, some harm done 
along with the good. There is a definite and immediate need for us 
all, writers and editors, to consider as clearly and fundamentally as 
possible where we should be heading. 
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(Read before a joint session of the Geological Society and the 
Paleontological Society, December 28, 1934) 


C. K. Leith, in his address last year as retiring President of the 
Geological Society, adverted briefly to the theories which have been 
put forward to explain the general absence of fossils from pre-Cambrian 
strata. Since the mystery which veils the early eons of the history of 
life has intrigued both geologists and paleontologists, I have ventured 
to make it the subject of my address. I have no new facts to offer; 
my only contribution will be on the theoretical side. 

Ever since Sir William Logan demonstrated that the Cambrian rocks 
are not the oldest sediments, but that they are underlain by vast thick- 
nesses of water-laid strata, geologists and paleontologists have been 
searching for evidences of the “Primordial Fauna.” Many of the pre- 
Cambrian strata are limestones and shales which appear to be little 
altered, in spite of their incomprehensible age; hence, they present a 
constant challenge to the investigator. So anxious are geologists to 
obtain fossils from these rocks that anything which remotely resembles 
an organism is carefully saved and studied in the greatest detail. 
Although many such objects have been described, very few have been 
unreservedly accepted as real fossils. No recently discovered “Old 
Master” is subjected to more critical scrutiny or to more acid tests than 
is a “find” from rocks older than the Cambrian. In the present paper, 
only the more important ones, those which have been accepted as 
genuine by eminent “authorities,” will be discussed. 

Paleontologists have always before them odds and ends which, 
although they seem to be of organic nature, show no definite structure. 
They used to be called sponges, for lack of a better designation, but 
are now supposed to be calcareous algae. This is due to their resem- 
blance to the “lake-balls” or ‘““water-biscuits” which at the present day 
are formed in lakes by the blue-green algae. 


* Manuscript received by the Secretary of the Geological Society, January 24, 1935. 
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These so-called algae are minute unicellular plants more nearly 
related to the bacteria than to the algae. As they reproduce they form 
long filaments and mats of cells which, during their life-processes, 
cause the deposition of calcium carbonate from solution in the water 
in which they live. As each layer of limestone is deposited, it is over- 
grown by the plants, so that, in time, a concretionary mass is built up. 
Such cakes are frequently found in the lakes of Michigan and of 
western New York, where they first came to the attention of paleon- 
tologists. When the water-biscuits have been cut in slices, the sections 
show a concentric structure, with radially arranged, irregular cavities. 

When these objects came to the late Charles D. Walcott’s attention 
about 1906, he at once recalled having seen many similar structures 
in the Newland limestone of the pre-Cambrian Beltian series in Mon- 
tana. He thereupon collected and studied great quantities of these 
ancient specimens, describing many as new genera and species of blue- 
green algae. 

To one who has not studied them in detail, Walcott’s species appear 
to range all the way from those (e. g., Collenia) which from their 
resemblance to the Cambrian Cryptozoén appear to be organic, through 
doubtful ones such as Newlandia, to septarian concretions (Gallatina), 
with side lines among the ripple marks (Kinneyia) and shrinkage 
cracks (Greysonia), ending with what seems to be a calcareous tufa 
(Collenia ? frequens). None of them shows more structure than a 
general similarity to a water-biscuit, although Walcott figured what 
he took to be chains of algal cells. These are not very convincing, 
since they are replaced by opaline silica, retain their “original” con- 
vexity, and were derived from one of the least organic-appearing 
genera, Gallatina. 

In the case of the Ordovician and more recent deposits attributed 
to lime-secreting algae, it is always possible to identify the plant, at 
least generically, by means of the internal structure, since the walls 
of the skeleton are generally well preserved. That such is not true 
of the pre-Cambrian specimens may, of course, be due to their much 
greater age. 

Perhaps the only test which can at present be applied to this class 
of objects is the apparently simple one as to whether or not they are 
of organic origin. If they are organic, it is more likely that they are 
calcareous algae than that they are anything else. It is generally sup- 
posed that an ancient object is organic if it has a structure which is 
not the common habit of anything known to be produced inorganically. 
This is not, however, fully satisfactory, since it is obviously based on 
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negative evidence. Much of the present faith in the calcareous algae 
seems to rest on the line of reasoning which follows: 

The Silurian and Devonian rocks contain concretionary masses 
known as stromatoporoids, which, when sliced, show a definite struc- 
ture that on comparison with recent forms can be proved to be organic. 
In the older Ordovician strata, somewhat similar objects known as 
Stromatocerium show less definite structure, but enough to indicate 
that they may be related to Stromatopora and, therefore, also organic. 
The Cambrian yields still other forms known as Cryptozoén, which 
show no definite structure in thin-section, but are enough like Stroma- 
tocerium in habit and mode of growth to warrant belief that they too 
are organic. It is therefore natural to continue the chain one link 
further back to join the specimens from the pre-Cambrian with 
Cryptozoon. 

Whether their belief be based upon comparison of the pre-Cambrian 
specimens with the modern water-biscuit or with the Cambrian 
Cryptozoon, it is a fact that most geologists and paleontologists have 
accepted the remains found in the Beltian rocks as calcareous algae. 
Since the publication of Walcott’s paper, geologists have found similar 
objects in the pre-Cambrian strata in the district south of Lake 
Superior, in the vicinity of Hudson Bay, in the Grand Canyon, and 
in other parts of the world. A few people, however, including the 
writer, have maintained a somewhat skeptical attitude toward these 
“plants.” As Olaf Holtedahl, of Oslo, has pointed out, very similar 
concretions have been found in situations which preclude the possi- 
bility of their having been formed by organisms. At least, there is 
no excuse for applying generic and specific names to these indescribable 
objects. 

One of the most disconcerting effects of the recent popularity of the 
interpretation of banded structures in the pre-Cambrian rocks as cal- 
careous algae has been the revival of the old belief in the organic nature 
of Eozoén. This was the first “fossil” found in the pre-Cambrian, its 
organic nature having been championed especially by Sir William 
Dawson. At first widely accepted as a gigantic member of the 
Foraminifera, it was heralded as the “dawn-animal,” but the tide of 
opinion gradually turned, until hardly anyone accepted it as organic, 
and it disappeared from the textbooks. Now, however, we have the 
structure back again, this time as a plant. 

The locality which furnished the best specimens, at Céte St. Pierre, 
north of the Ottawa River and about eighty miles west of Montreal, 
has been carefully investigated by C. A. Osann, who showed that the 
so-called fossil came from a zone of contact metamorphism. At the 
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locality there are two types of rocks, an impure limestone called the 
Grenville, and a younger intrusive igneous rock. At the contact of 
the two, the limestone has been altered through a zone three hundred 
feet in thickness to a secondary mass composed chiefly of minerals 
resulting from the alteration of an impure limestone. Between this 
zone and the typical Grenville there is a band, from ten to one hun- 
dred feet in width, of serpentine and marble. A part of this is in 
alternate thin layers of coarsely crystalline calcite and serpentine. 
This is the part to which the name, Eozoén, was applied. The pro- 
ponents of the organic nature of the material considered the calcite 
to represent the original skeleton and the serpentine to be the filling 
of the cavities. The serpentine proves, on study in thin sections, to be 
the result of the alteration of diopside and tremolite, themselves the 
products of the alteration of the original impure limestone at the time 
of the intrusion of the igneous mass. It is therefore obvious that the 
Eozoén is the product of two periods of alteration of the original 
sediment, and can by no possibility represent an original structure. 
There seems not the slightest chance that it can be organic. 

Perhaps the most astonishing discovery, however, in pre-Cambrian 
rocks was that announced by Walcott in 1915. Sections made from 
a specimen of one of the “calcareous algae” proved, on examination 
under high powers of the microscope, to have in them minute (0.95-1.3 
microns in diameter), somewhat irregular rods which were identified 
as bacteria. Walcott likened them to the modern Micrococcus, but 
they have been more aptly compared by Henry Fairfield Osborn, so 
far as superficial resemblance goes, to some of the nitrifying bacteria 
which exist in soils. 

Walcott’s paper is an exceedingly brief one, in which he gives credit 
to Albert Mann, of the United States Department of Agriculture, for 
the identifications of the bacteria. He makes no argument in favor 
of the identification, and leaves it to be accepted on faith that an 
organism without hard parts, and less than 0.001 millimeter in diameter, 
would be preserved in identifiable condition from pre-Cambrian times 
to the present. 

The calcareous algae and the bacteria are the only plants yet reported 
from the pre-Cambrian. Attention may now be turned to the animals, 
beginning with the simple unicellular radiolarians. 

Many years ago L. Cayeux described and figured a large number 
of radiolarians from the pre-Cambrian rocks of Britanny. The speci- 
mens were found in a thinly bedded carbonaceous quartzite inter- 
stratified in argillaceous schists, not far from the contact with an in- 
trusive igneous rock. They appear, in thin section, as minute circles, 
first noticed and described by Charles Barrois and later elaborated 
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by Cayeux. The latter author described and figured forty-five species, 
nearly all of which are spherical in form, some smooth, others with 
spines. 

If Cayeux’s figures may be taken at face value there can be no doubt 
that he found a radiolarian fauna, and a large one. But one must 
bear in mind the extreme smallness of the specimens, remembering 
that they are preserved in opal or chalcedony, in a matrix of quartz. 
Some of the dimensions may be quoted. Cenosphaera, the most com- 
mon genus, is a large fossil, .015 millimeter in diameter; Carposphaera 
is only half as large, .0065 to .007 millimeter. One gigantic specimen 
of Spongius is .022 millimeter in diameter, whereas the smallest noted 
is a Triactoma only .001 millimeter across. The average of forty 
measurements given by Cayeux is .0112 millimeter. The published 
figures are magnifications of from 1000 to 2300 diameters and are not 
photographs but drawings. “J’ai tenu a ne point préparer moi-méme 
la planche ow elles sont représentées. L’artiste, qui n’avait jamais 
figuré des Radiolaires, a dessiné ce qu’il a vu.” ! 

I only wish I could hire that artist! 

Herman Rauff,? in his article on the pre-Cambrian sponge spicules, 
speaks briefly of the Radiolaria described by Cayeux. He mentions 
first the rarity of Radiolaria in thin sections. D. Riist, the principal stu- 
dent of ancient forms, obtained 267 species from the Paleozoic and 
the Triassic, as a result of the search through over 5000 selected thin 
sections, or about five species for each 100 sections. Cayeux, om the 
other hand, found 44 species in a single slide, and so was over 800 
times as lucky as his German confrére. 

Rauff also calls attention to the fact that although other investiga- 
tors obtained cross-sections of their Radiolaria, Cayeux had only one 
such, for most specimens were figured as showing the exterior, a very 
unusual circumstance. Furthermore, the smallest Cambrian Radio- 
laria are ten times as great in diameter as the pre-Cambrian ones. 
He also questions how the Radiolaria could have withstood the re- 
crystallization which has admittedly taken place in the matrix, par- 
ticularly as Cayeux holds that they retain their original condition of 
amorphous silica. 

Cayeux later described six kinds of Foraminifera from the same 
locality which produced the Radiolarians. He remarks that Foram- 
preuves de l'existence d’organismes dans le terrain précambrien, Soc. Geol. 
France, Bull., ser. 3, vol. 22 (1894) p. 187-228; Sur la présence de restes de foraminiferes dans les 
terrains précambriens de Bretagne, Acad. Sci., Compte Rendu, Vol. 118 (1894) p. 1433; De lexistence 
de nombreux débris de Spongiaires dans le Précambrien de Bretagne, vol. 23 (1895) p. 32. 


® Hermann Rauff: Ueber angebliche Organismenreste aus prdcambrischen Schichten der Bretagne, 
Neues Jahrb, fiir Min. Geol. u. Pal. (1896) bd. 1, p. 115. 
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inifera consisting of a single chamber were present, but since they may 
be mistaken for Radiolaria which did not show the characteristic 
perforations, he lays stress only on the many chambered types. Of 
these, he had specimens showing two, three, four, and seven chambers 
variously arranged. Like the Radiolaria, the Foraminifera are ex- 
tremely small, the largest hardly .01 millimeter in diameter. 

Cayeux’s figures 1, 2, 3, and 4 might well pass for representations 
of Foraminifera, but in figures 5 and 6 he seems to have overlooked 
the cardinal principle of the group. Since in modern Foraminifera a 
new chamber is always formed over the principal opening of the pre- 
ceding one, figures 5 and 6 judged by this criterion can not represent 
the animals to which they were attributed. This, of course, tends to 
throw doubt on the whole series. 

Cayeux’s last contribution to the fauna of the pre-Cambrian was 
a description of a number of objects which he considered to be spicules 
of sponges. Ninety to ninety-five per cent of them are simple curved 
rods which are referred to the Monactinellida, whereas the re- 
mainder are considered as representatives of the Tetractinellida and 
Hexactinellida. 

The spicules are larger than the associated protozoans, the diameter 
varying from .05 millimeter to .35 millimeter. Those measuring from 
.10 millimeter to .15 millimeter are said to be most numerous. All are 
replaced by pyrite and do not show the axial canal, which, however, 
is not unusual in fossils. 

Rauff, who, more than anyone else, has studied the Paleozoic sponges, 
examined material submitted to him by Cayeux and decided that the 
spicules were not of organic origin. He pointed out not only that the 
ground mass in which they were imbedded is so recrystallized that it 
shows no original clastic structure, but that it was full of veins, and 
that some of the spicules were embedded partly in a vein and partly in 
the matrix. This appears to demonstrate that the so-called spicules 
were really of later origin than the veins, hence not of organic nature.® 


8 After this address was delivered, Professor D. H. McLaughlin called my attention to the fact 
that veins may be formed in spaces which have been produced chiefly by solution. If, in the 
present instance, the dissolving agent followed sub-microscopic cracks, and the spicules had pre- 
viously been replaced by pyrite, then it is possible that the spicules might cross the veins, without 
any visible evidence of fracture. It is obvious, however, that such preservation would be possible 
only in very special cases. In the present instance, the history could only have been as follows: 
The original spicules, composed of amorphous silica, were buried in a siliceous silt. After its com- 
paction, but before the period of intense metamorphism, they must have been replaced by pyrite. 
These pyritic replacements must have survived the later changes during which the original quartz 
grains were so recrystallized as to lose all evidence of their original clastic nature. Later the 
entire rock was subjected to a pressure which produced numerous sub-microscopic cracks which 
were enlarged by some solution which could remove silica without attacking pyrite; and finally, 
the enlarged cracks must have been filled with quartz. Such a sequence is possible, but does not 
appeal to one as very probable. Until detailed study can be made upon original material, one 
cannot feel very confident about the organic nature of the specimens from Brittany. 
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The objects which Cayeux described are almost the only European 
pre-Cambrian remains which have been supposed to be of animal 
origin. Most of the “discoveries” have been made in America. More 
fortunate than Cayeux, Walcott found what are considered to be real 
sponge spicules in the Chuar of the Grand Canyon. 

Atikokania lawsoni, described by Walcott, was widely heralded at 
the time of its discovery (1911) as the oldest fossil, since it was ob- 
tained from a limestone of the Steep Rock series (Huronian), west 
of Port Arthur, Ontario. The best specimens are silicified in a cal- 
careous matrix, and have a cylindrical or pear-shaped form from one 
to fifteen inches in diameter. The cavity is less than half the total 
diameter. They appear to have both inner and outer walls, the space 
between being filled with radial pillars which are laterally connected 
to produce a concentric structure. 

Walcott compared them with the Cambrian Archaeocyathinae, par- 
ticularly to a South Australian genus, which has an inner and outer 
wall, connected by radially arranged tubes. In later papers he referred 
to it as a “spongoid.” 

The Permian dolomites at Sunderland, England, contain specimens 
which are very similar to Atikokania lawsoni, but these objects have 
been shown by G. Abbott* and by Holtedahl*® to be of inorganic 
origin, for they are concretionary structures resulting from the replace- 
ment of limestone by dolomite. The process began along joints and 
cracks in the rock. If the “fossil” was produced that way in the 
Permian deposit, it is very likely that the specimens in the pre- 
Cambrian were likewise of inorganic origin. 

Walcott described another “fossil” from the Canadian locality under 
the name of Atikokania irregularis. Some very excellent specimens 
of this form have been investigated by the writer. Thin sections show 
that it is composed of aggregates of quartz crystals, imbedded in a 
matrix of limestone. It is, therefore, purely of inorganic origin. 
Similar crystals occur in pre-Cambrian limestone on one of the shoul- 
ders of Mount Edith Cavell in the Canadian Rockies. At that locality 
they appear to have been formed by silica-bearing solutions which 
have silicified much of the Lower Cambrian rock of the region. 

The pre-Cambrian strata in Montana, which have been so produc- 
tive of calcareous algae, have long been searched for other evidences 
of ancient life. Several discoveries were reported from this region by 


4G. Abbott: The cellular magnesian limest of Durham, Geol. Soc. London, Quart. Jour., 
vol. 59 (1903) p. 51, 52. 

5 Olaf Holtedahl: On the occurrence of structures like Walcott’s algonkian algae in the Permian 
of England, Am. Jour. Sci., 5th ser., vol. 1 (1921) p. 195-206. 
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Walcott,® who described various trails and burrows, ascribing their 
origin to the agency of worms. Some of them are of a nature which 
suggests that they were made by small gastropods or crustaceans, but 
such fossils are always difficult to interpret. It seems probable that 
the burrows, at least, were made by “worms.” Much more noteworthy, 
however, are the numerous specimens which Walcott named Beltina 
danai. 

This species was founded upon a very large number of fragments 
which were believed to belong to a merostome allied to Pterygotus or 
Eurypterus. The supposed test is extremely thin, and, in most cases, 
without any regular outline. A very few fragments, selected from 
thousands, do remotely resemble parts of eurypterids. This may be 
said of four of the thirty-one specimens figured by Walcott. Not only 
is the absence of outline an objection to the reference of these frag- 
ments to arthropods, but an even more significant circumstance is their 
total lack of surface marking. This excludes them completely from 
the Merostomata, for even small pieces of the tests of these animals 
show a very characteristic series of scales. 

There can be little doubt, however, that the fragments are of 
organic nature, for they are widespread in Montana and British Co- 
lumbia. It is not at all improbable that they are of algal origin, 
perhaps remains of brown algae, though nothing definite can be ascer- 
tained from their structure. 

Very different from the original examples of Beltina is one found 
by Stuart Weller in the Altyn limestone in the valley of Swift Current 
Creek, Montana, and referred to Beltina danai by Walcott. This speci- 
men not only seems to have a definite outline, but shows surface mark- 
ings, and, being preserved in an arenaceous limestone, retains the original 
convexity. Its resemblance to an abdominal segment of the mid- 
Cambria Sidneyia is very marked, and there can be little doubt but 
that it is a fragment of an arthropod. Somewhat less definite, but 
still fairly satisfactory, are the specimens figured from the Algonkian 
on the Continental Divide in Alberta. They may, I think, be accepted 
as evidence of the presence of arthropods in what may be a part of 
the Belt series. Unfortunately, these “finds” can not be fully accepted, 
until checked by later discoveries. 

The alarms rung by the discoverers of pre-Cambrian fossils have 
been sounded so often without real cause that the paleontologist is 
perhaps becoming unduly skeptical. Hence, the recent report of the 
finding of inarticulate brachiopods in the pre-Cambrian by C. L. and 


®C. D. Walcott: Pre-Cambrian fossiliferous formations, Geol. Soc. Am., Bull., vol. 10 (1899) 
p. 199-244. 
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M. A. Fenton has created no great excitement. There is every reason 
to suppose that such animals were in existence prior to the Cambrian. 
From the standpoint of the paleontologist who has seen all sorts of 
discoveries accepted without question, it is refreshing to note the 
inception of a more critical attitude. Paleontology, like many another 
science, has suffered from the general human tendency to play “follow 
the leader.” Paleontologists have been too prone to accept blindly 
the dicta of “authorities.” At one time everybody was describing 
Eozo6ns, just as, for the last twenty years, it has been the fashion to 
find calcareous algae. My student days were spent in the declining 
years of the popularity of the “recapitulation” theory. At that time, 
paleontologists were busy studying ontogenies and constructing 
phylogenies. It never occurred to us youngsters to question the theory 
which was the basis of our studies. We followed the leaders. 

It seems to me to be a sign of a healthy state of mind among pale- 
ontologists that they no longer accept as genuine every report of the 
discovery of pre-Cambrian fossils. It indicates that they are begin- 
ning to think for themselves, rather than to take everything on trust. 
Paleontology can never become an exact science. It is difficult to 
really prove anything after the fashion of mathematicians. We have 
to accept certain things as self-evident truths, compare fossils with 
remains of living organisms, and make deductions. Imagination is 
a great asset to the paleontologist, but it should not be given unlimited 
play. Common sense should rule. 

Thus, when we find that the Permian red beds of Texas have pro- 
duced the richest known collection of aquatic and semi-acquatic Am- 
phibia and Reptilia in the world, we need not subscribe to the “fashion- 
able” view that these strata were deposited under semi-arid conditions, 
but may accept the commonsense deduction that the climate was mild 
and moist. It is true that red beds may accumulate under semi-arid 
conditions, but when one finds three great forests entombed in such 
rocks, as is the case in the Catskills, are we to adopt a fashionable or 
a commonsense explanation? 

But let us return to our subject. 

The flora and fauna of the pre-Cambrian, so far as it is represented 
by actual fossils, cannot be said, even by the most credulous, to repre- 
sent more than four groups: blue-green algae, brown algae, sponges, 
and “worms.” If paleontologists were called upon for strictly scientific 
evidence, they could not prove that their determination of any one 
of these groups is correct. 

It is perhaps possible to get a more just idea of pre-Cambrian organ- 
isms if we make a brief survey of the state of evolution of life during 
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Cambrian times. So far as plants are concerned, the evidence is no 
more satisfactory that that regarding the similar fossils of the pre- 
Cambrian. Cryptozoén is common in the Upper Cambrian, but 
whether the specimens are the secretions of blue-green algae, as is now 
the popular opinion, or of hydrozoans, as was formerly supposed, no 
man can say. All agree that they are probably of organic origin. 
Other Cambrian remains supposed to be of vegetable origin are in 
equally unsatisfactory states of preservation, although some of those 
which Walcott described from the Middle Cambrian may be brown 
algae. 

Fortunately, we are much better acquainted with the Cambrian 
fauna. So far as I can learn, nearly two thousand species are now 
known, about fifteen hundred of them actually published, and one- 
third more described in manuscript or going through the press. On 
the basis of discriminated species, the trilobites appear to make up 
about 53 per cent of this fauna, and the brachiopods about 30 per cent. 
The remaining 17 per cent consists of representatives of various groups, 
the more important being arthropods other than trilobites, slightly 
over 5 per cent, gastropods 3 per cent, Archaeocyathinae nearly 4 
per cent, the Protozoa, sponges, coelenterates, “worms,” echinoderms, 
and cephalopods making up the remaining 5 per cent. The only phyla 
not represented in the Cambrian fauna are the Bryozoa and the 
Chordata. 

These figures, although they should indicate the amount of differ- 
entiation within the various phyla, do not really give a true picture 
of the actual state of evolution of the various groups. Because the 
Protozoa known as fossils make up only two-fifths of one per cent 
of the total fauna is no indication that Foraminifera and Radiolaria 
were not abundant at that time. The animals may have been naked; 
at best, their minute skeletons are ill adapted for preservation or 
recovery. More informative are the remains of the sponges. Al- 
though they comprise only slightly more than one per cent of the 
fauna, Walcott has shown that all orders of the siliceous sponges were 
represented among the fossils of the mid-Cambrian; hence, we may 
conclude that their history began far back in the pre-Cambrian. We 
are not so sure about the coelenterates. Walcott’s mid-Cambrian 
jelly-fish is probably authentic, and hydrozoans of some sort appear 
in the mid-Cambrian and graptolites in the Upper, whereas the corals 
are represented by a single non-calcareous species in the mid-Cambrian. 
Differentiation in this group probably took place during the Cambrian, 
although there must have been an ancestor in pre-Cambrian times. 
On the other hand, the presence in Walcott’s famous quarry in mid- 
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Cambrian strata at Burgess Pass in British Columbia of numerous 
specimens which seem referable to chaetopod annelids necessitates the 
postulation of an early pre-Cambrian origin for this group. The 
Cambrian representatives of the echinoderms are all simple cystids or 
edrioasteroids, indicating the recent differentiation of this phylum. 
Despite their numerous genera and species, the brachiopods were not 
in a high state of evolution in Cambrian times. The inarticulates 
doubtless had a long antecedent history, but the articulates probably 
made their entrance upon the world’s stage at about the beginning of 
the Cambrian. There is no reason to suppose that the Mollusca, 
known chiefly from numerous free-swimming gastropods (hyolithids) , 
a few simply coiled snails, and, until the Upper Cambrian, by some- 
what equivocal cephalopods, had any long pre-Cambrian history, for 
their Cambrian representatives are surely primitive. 

The trilobites and other Cambrian arthropods suggest a different 
story. There can be no question but that animals of this sort had 
been in existence for millions of years before the time of their first 
actual appearance as fossils in early Cambrian strata. 

Summarizing this brief analysis of the Cambrian animals, it can 
be inferred that the pre-Cambrian fauna consisted of naked Protozoa, 
siliceous sponges, primitive coelenterates, segmented “worms,” inartic- 
ulate brachiopods, and trilobites, the latter accompanied, perhaps, by 
creatures resembling their ancestors. 

If this inference be sound, why is it that there are so few pre- 
Cambrian fossils? 

There have been numerous and various answers to this question; 
seven of them are sufficiently plausible to merit consideration. 

1. Destruction of pre-Cambrian fossils during the changes which 
took place in the metamorphism of the rocks. 

2. Daly’s theory: Pre-Cambrian organisms had no skeletons because 
of the lack of available calcium in the sea. 

3. Lane’s theory: The pre-Cambrian oceans were acid, thus prevent- 
ing the formation of calcareous skeletons. 

4. Walcott’s theory: All the pre-Cambrian strata now accessible 
were deposited on land in fresh water of low calcium content. 

5. Chamberlin’s theory: Organisms originated on land, in the soil, 
migrating thence through rivers to the oceans, which they did not 
reach until Cambrian times. 

6. Brooks’ theory: Pre-Cambrian organisms lacked hard parts be- 
cause they lived in the surface waters of the oceans, where skeletons 
would be detrimental, because of their weight. 


XXVI—BULL. GEOL. Soc. AM., VoL. 46, 1935 


Be 


386 PERCY E. RAYMOND—PRE-CAMBRIAN LIFE 


7. The writer’s modifications of the Brooks theory: Skeletons ap- 
peared as a result of the adoption of a sessile or sluggish mode of 
existence. 

Taking these up in order, it may be said that the first explanation 
holds for most of the pre-Cambrian strata. It is the exception, rather 
than the rule, to find pre-Cambrian sediments which have not been so 
completely altered as to change the original sandstone, shale, clay, or 
limestone into gneiss, schist, slate, or marble. The recrystallization 
which accompanied these changes completely destroyed any organic 
remains therein buried. It is practically useless to search for fossils 
in such rocks, although they are sometimes found. There are a few 
formations, such as the Beltian of Montana, the Keweenawan of 
Michigan, parts of the Huronian of Ontario, and other strata in Texas, 
Newfoundland, and China, which appear to have largely escaped the 
processes of alteration. Their rather general lack of fossils must be 
explained on other grounds. 

The second theory, proposed some thirty years ago by R. A. Daly,’ 
is very ingenious, and has found considerable acceptance. Obviously, 
soft-bodied animals are ill adapted for preservation as fossils, and no 
calcareous skeletons can be formed if the water in which the organ- 
isms live does not contain available calcium. The oceans of the 
present day contain a much larger percentage of calcium in solution 
than do rivers and lakes upon the land; hence, marine organisms build 
thicker skeletons. Moreover, there is a direct relationship between 
the thickness of shells of mollusca and the concentration of calcium 
salts in solution in rivers and lakes. For example, the fresh water 
shells of New England, where there is little calcium, are thin as com- 
pared with those in the Mississippi basin, an area where much lime- 
stone is dissolved. Daly noted these facts, and found a reason for 
the lack of calcium in the oceans of the pre-Camprian. In brief, he 
argues that in the absence of an effective scavenging system there 
would be an accumulation of organic matter, which, on being decom- 
posed by bacteria, would produce a great deal of ammonia. This, in 
Daly’s opinion, would have caused the precipitation of such calcium 
as was then in the ocean, forming calcareous ooze, an inert compound, 
unavailable to animals. New supplies of calcium brought in by the 
rivers would be precipitated by the same process, so that it was not 
until scavengers became numerous, in Ordovician times, that much 
skeletal material was accessible to animals. 


7R. A. Daly: The limeless ocean of pre-Cambrian time, Am. Jour. Sci., 4th ser., vol. 23 (1907) 
p. 93-115; First calcareous fossils and the evolution of the limestones, Geol. Soc. Am., Bull., vol. 20 
(1909) p. 153-170; First calcareous fossils and the origin of the pre-Silurian limestones, Geol. Surv. 
Canada, pt. 2, Mem. 38 (1912) p. 643-675. 
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Although Daly’s theory may explain the origin of some sorts of lime- 
stone, it does not account quite so well for the skeletal deficiency of 
the animals in question. Two principal lines of evidence appear to 
oppose it. In the first place, the most common of all the pre-Cambrian 
fossils now known are the blue-green algae, obviously preserved only 
because they were able to obtain great amounts of calcium. Secondly, 
it is very doubtful if the world remained long without a scavenging 
system. That Nature abhors a vacuum is a well-known saying, but it 
is equally true that Nature abhors a waste of food. Everything organic, 
living or dead, is food for one organism or another. At the present 
day the Crustacea are the most important scavengers, and the skeletal 
structure of their ancestors, the trilobites, indicates that they too lived 
chiefly on decaying organisms. As has been shown, there is every 
reason to believe that these animals were in existence, and numerous, 
in pre-Cambrian times. Many kinds of worms, also, are scavengers, 
and there is proof that their history long antedates the Cambrian. 

It is probable that we are attaching too much importance to the 
presence or absence of scavengers. Alfred C. Redfield has reminded 
me of the obvious fact that so far as the production of ammonia is 
concerned, the ultimate result is the same whether or not scavengers 
are present. Their intervention may prevent the putrefaction of 
carcasses as such, but food, though transformed, does not disappear. 
No matter how many cycles it goes through, it turns up ultimately in 
a condition in which it is attacked by putrefactive bacteria. There 
is, therefore, no more reason to expect a fouling of oceans in pre- 
Cambrian than in recent times. And it is known that the amount of 
free ammonia now present in the sea is extremely small. 

There are many factors involved in Daly’s theory, of a biological 
and chemical nature, which have not as yet been considered. Appar- 
ently, at the present time, there is comparatively little organic matter 
on the floors of the deep oceans. So far as is known, ammonia could 
have been produced in pre-Cambrian times only if putrefactive bacteria 
were then in existence. In their absence, inert organic materials would 
have accumulated at the bottom. However, everything which we know 
about carbonaceous materials in pre-Cambrian sediments suggests that 
they are the results of bacterial decomposition. If such bacteria were 
then in existence it is probable that there were also many other kinds. 
At the present day, the amount of ammonia in the ocean appears to 
be regulated by the nitrifying bacteria, which break it down to pro- 
duce nitrites and nitrates. These become the food of marine plants. 
Suppose, for the moment, that the pre-Cambrian oceans could have 
become fully ammonified. The result would have been not only to 
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precipitate calcium carbonate, but to destroy all life. Until more is 
known of the various biological factors involved the “lime-less ocean” 
theory must be regarded as incomplete. 

The third theory, A. C. Lane’s, cannot adequately be discussed with- 
out wandering far afield into the realms of chemistry. There are 
very good reasons for believing that during the early history of the 
oceans, their waters held so much chlorine and other dissolved and 
ionized chemicals as to make them acid, thus effectively preventing 
the formation of calcareous skeletons. Hence, the first skeletons may 
have been composed of chitin or of silica. It is very possible that this 
condition did exist in the early days of the pre-Cambrian, for such 
primitive animals as radiolarians and the oldest sponges have siliceous 
skeletons, and the basis of the skeleton of the inarticulate brochiopods 
and of the trilobites is chitin. On the other hand, the blue-green algae 
were able to secrete calcium carbonate during middle and later pre- 
Cambrian times and immense thicknesses of limestone were deposited. 

The man who probably expended more time and energy than any 
other individual in trying to find pre-Cambrian fossils was Walcott. 
As a result of his discouraging experiences, over a period of eighteen 
years, he came to the conclusion that all the accessible strata older 
than the Cambrian were accumulated on land, as fluviatile or lacus- 
trine deposits. The Beltian might, he thought, have been partially 
marine, for he firmly believed in the crustacean nature of Beltina 
danai. He pointed out that in pre-Cambrian times the continents 
were larger than at present, and that all the deposits in which fossils 
have been sought were formed within their margins. He also empha- 
sized the shallow-water origin of these strata as indicated by red beds, 
ripple marks, and surfaces checked with shrinkage cracks. However, 
these shallow-water characteristics are as often found in sediments of 
marine as of fresh-water origin. Furthermore, the bodies of water 
in which the strata were laid down were too large, too permanent, and 
too similar in pattern to the later marine epeiric seas, to suggest much 
possibility that they were really lakes. 

T. C. Chamberlin’s suggestion that life originated on land, in the 
soil, is a natural outgrowth of the planetesimal hypothesis. The soil 
was, according to his view, full of water squeezed upward during the 
compacting of the particles of matter which had gathered together 
to form the earth. It was, therefore, charged with various chemical 
substances, potentially capable of uniting in new combinations, pos- 
sibly of producing protoplasm, one of whose properties is life. As the 
soil waters collected in springs and flowed thence through brooks and 
rivers to the sea, organisms were transported to a new environment. 
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Although there might be no inducement to secrete skeletons in the 
fresh waters on land, the greater amount of calcium in the sea could 
initiate the process. The period of transportation may have been a 
long one, so that living matter may first have reached the oceans in 
Cambrian times. If one accepts the planetesimal hypothesis, this 
explanation may be adequate, but any discussion of the matter would 
be too theoretical to be satisfying. . 

W. K. Brooks was one of the first to suggest a theory to account for 
the lack of fossils in the pre-Cambrian. He believed, with many other 
zodlogists, that the superficial waters of the open ocean‘were probably 
the place of the first great expansion of life, if not the region of its 
inception. He developed the idea that the pre-Cambrian animals 
lived exclusively in this region, where they maintained a free-swim- 
ming or floating existence in which a heavy calcareous shell would 
have been an encumbrance, not a help. Such animals, falling to the 
bottom, would be but little likely to be preserved as fossils. Rather 
suddenly, at about the beginning of Cambrian time, animals became 
adapted to life on the botton, near shore, where the circumstances of 
a new habitat caused them to secrete calcareous shells. As originally 
stated, this theory has defects, one of the most obvious of which is 
lack of reason for the sudden discovery of the ocean bottom. Since 
the time of his promulgation of the theory, much has been learned about 
the secretion of shells, and I have somewhat modified his explanation, 
adhering, however, to his central idea of the importance of activity. 

That a definite relationship between activity and skeletal armor 
exists is obvious. The common symbols of sluggishness are the snail 
and the tortoise; such animals as the corals and the bryozoans, fixed 
always in one spot, show a maximum of calcareous shell and a mini- 
mum of flesh. It is commonly said that armored animals are sluggish 
because well protected, and that the unarmored are active because 
they must seek safety in flight. As a matter of fact, cause and effect 
are reversed in this oft-repeated remarks, for animals are probably 
armored because of their sluggishness or entire lack of movement. 
Calcium is present in greater or less quantities in all water and in many 
kinds of food. While in solution, it enters the alimentary tracts of 
animals, but within them it is converted into solid calcium carbonate, 
either by the action of ammonia produced by putrefactive bacteria, 
or by the effect of the nascent methane formed during the digestion of 
the cellulose of plants. This is harmless, but small amounts, still in 
solution, get into the body-fluids and reach the protoplasmic cells. 
Some of these cells apparently pass on the dissolved calcium to the 
excretory system. Others cause its precipitation in situ and so build 
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a skeleton. All animals and many plants are confronted with the 
necessity of getting rid of surplus calcium carbonate. Man is no 
exception to this rule, and as with other animals, those most active 
seem best to solve the problem. Men leading an active existence get 
rid of the excess lime, but those engaged in sedentary occupations find 
sooner or later that calcium carbonate has hardened the walls of the 
veins and arteries, so that an unwanted skeleton has been built to 
shut out life. It should be mentioned that this is not the common form 
of “hardening of the arteries” or “arterio-sclerosis,” but may be an end 
stage in such a history, for it commonly follows fatty or fibroid changes 
in the walls of arteries or veins. The production of a calcareous skele- 
ton is, therefore, an involuntary chemical function which will take 
place in animals in any environment. In one sense, it may be thought 
of as a pathologic condition, brought on by inactivity. 

As a check, let us examine the Cambrian fauna for connections be- 
tween activity and skeleton. 

Knowledge of the Cambrian Protozoa is too unsatisfactory to allow 
any profitable discussion. The sponges were sessile, but built a siliceous 
skeleton. Later in the Paleozoic they began to form a calcareous one. 
The reason for the metabolic change offers opportunity for investiga- 
tion. The Archaeocyathinae were sessile and secreted a calcareous 
skeleton. The jelly-fishes and most worms were active and had none, 
but the more sedentary tubicolous worms early began the formation 
of calcareous tubes. Cystoids and articulate brachiopods were an- 
chored to the bottom and both secreted calcareous shells, but the 
wriggling and burrowing inarticulate brachiopods had only a chitinous 
covering, slightly impregnated with phosphate of lime. Most of the 
gastropods and cephalopods of the Cambrian were free-swimming, or 
at least moderately active and formed only very thin calcareous 
shells. The Crustacea were active and had skeletons which were 
fundamentally chitinous. In a general way, the rule holds. 

If now, we turn to the list of pre-Cambrian animals, it will be noted 
that nearly all were motile, swimming, or crawling creatures. The 
almost entire absence of colonial animals from the Cambrian, and 
the relative rarity of sessile ones, indicate that inactive life had just 
begun at that time. In other words, it is found that the facts bear out 
Brooks’ suggestion that animals had only commenced to discover the 
ocean-bottom in early Cambrian times. 

Furthermore, in looking over the list of Cambrian animals, we find 
that predaceous carnivores are almost entirely absent. This group 
appears first with the few cephalopods of the late Cambrian, having 
missed the pre-Cambrian completely. In the latter era, without 
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predaceous animals, the swimming and floating organisms must have 
increased rapidly until there came a time when the upper, sun-lit 
part of the oceans was over-populated. This would force some indi- 
viduals to the bottom. It may also be, as E. W. MacBride has sug- 
gested, that some of the more sluggish animals would naturally drop 
to the bottom from time to time, simply because they were too lazy 
to keep afloat. Those animals which reached the bottom near shore, 
where the water was shallow, found abundant food, and survived. 
Those which fell into the dark abyss of the deep oceans mostly perished, 
for food is scarce outside the zone of sunlight, where plants cannot 
live. Active animals reaching the bottom continued to swim, or 
learned to crawl about after food. The more passive adhered to the 
substratum, became relatively inactive, and began the secretion of 
skeletons, because they were no longer able to get rid of calcium 
carbonate. 

That the pre-Cambrian animals were all motile, seems, therefore, 
to explain their lack of hard parts, and hence to solve the question as 
to why so few pre-Cambrian fossils are found. That more than are 
now known will eventually be discovered, is, however, very probable, but 
it may confidently be predicted that they will prove to have either 
no skeletons, or else thin ones, composed of silica or chitin. 
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Apparent significance of the 406 

INTRODUCTION 


At the Cambridge (1932) meeting of the Geological Society of Amer- 
ica a statement was made of the general problem which the writer is 
investigating cooperatively with the United States Coast and Geodetic 
Survey, and progress was reported. In 19382, thirty-seven gravity sta- 
tions had been carefully located by W. T. Thom, Jr., W. H. Bucher, 
and the writer, and the gravity anomalies for these stations were deter- 
mined by the United States Coast and Geodetic Survey. A striking 
relation was found between the isostatic anomalies and the elevation 
of the upper surface of the pre-Cambrian terrane. 

From this relation it was apparent that the density of the superficial 
rocks near a station was an important factor in producing the gravity 
anomaly. That this should be so was, of course, to be expected, but 
quantitative results were sought. The problem was to compare the 
gravitative pull of the actual rock formations with the theoretical pull, 
assuming standard isostatic density based on the sea-level density 2.67 
and on the elevation, and to note the relation of the difference to the 
isostatic anomaly. To do this one must know the stratigraphic column 
beneath each station and also the specific gravity of each rock forma- 


* Manuscript received by the Secretary of the Society, May 31, 1934. 
1R. T. Chamberlin: Geologic problems of the Beartooth-Bighorn region, Geol. Soc. Am., Bull., 
vol. 45 (1934) p. 183-188, fig. 5. 
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tion. Dr. Thom supplied the stratigraphic columns and Claud Langton 
made determinations of the specific gravities of the formations by 
methods already described.? The utilization of the data, however, 
involves much computation, and the results were not ready in 1932. 
In the summer of 1933, twenty-nine additional station sites were se- 


GRAVITY STATION AT SURFACE 

DISTANCE FROM STATION TO CENTER OF FORMATION 
= RADIUS OF CYLINDER IN CENTIMETERS 

VE THICKNESS OF FORMATION IN CENTIMETERS 

= DENSITY OF FORMATION 

= FORCE OF ATTRACTION AT STATION IN DYNES 


= 4.185 X 107 +{V(t+z)" +r — Y(t-z)*+r° - 21} 


Figure 1.—Formula for determining gravitative attraction. 

Gravitative pull of a rock cylinder, composed of many formations of different density, upon a 
mass of one gram at a station on the surface of the earth. Each formation is generalized as a 
disc in the column. The attraction of the whole cylinder is the sum of the attractions of the 
individual dises. (W. D. MacMillan.) 


Go PAN YW 


lected by Dr. Thom, and the anomalies determined, as before, by the 
United States Coast and Geodetic Survey. Results from the new 
stations have further extended the present study. 

The writer is greatly indebted to Capt. R. S. Patton, Director, and 
J. E. Hawley, Acting Director, of the United States Coast and Geo- 
detic Survey, to Dr. William Bowie, Chief of the Division of Geodesy, 
and to Walter D. Lambert, for the cooperation which made this study 
possible and for much valuable assistance throughout the investigation. 


METHOD OF PROCEDURE 


The chosen method of analysis was to consider a cylindrical column 
of rock beneath each station. The cylindrical column finally selected 
as most practical for a first-approximation study had a radius of six- 
teen kilometers (about ten miles) horizontally from the gravity station 


2 Op. cit., p. 185. 
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and a depth of eight kilometers, or about five miles, beneath the sta- 
tion. As the practicability of the method was still to be demonstrated 
and as the work is laborious at best, it seemed advisable in this first 
trial to simplify the calculations as much as possible. Consequently, 
each cylindrical column was assumed to be composed of formational 
discs of uniform thickness and density. A 16-kilometer radius was 
adopted because, for most of the stations, the geologic formations 
remain sufficiently constant in thickness and density over a circular 
area of this size to give reasonably reliable results. A larger radius 
would be better, and in certain cases is quite feasible, but in other 
cases the geology varies too greatly to give correct results without 
introducing complicated corrective factors. 

First, the gravitative pull of the geologic rock column on a mass of 
one gram at the geodetic station on the surface is computed. This 
is done by means of a formula kindly prepared by Dr. W. D. Mac- 
Millan (Fig. 1). For comparison, the density of the theoretical iso- 
static column*® (in accordance with the Hayford-Bowie method) is 
calculated for the elevation of the station, and then one computes 
the gravitative pull (per gram of mass at the station) of a rock 
column of that density and the same dimensions which were used for 
the geologic column. The difference between the gravitative pull of 
the geologic rock column and that of the theoretical isostatic column 
is next obtained and compared with the isostatic gravity anomaly.* 
The results are given in the following tables, which may, perhaps, be 
better understood if preceded by a statement of the general theory. 


BASIC THEORY 
Let 
g __ be the measured value of gravity at the station. 
Yo be the theoretical sea-level value of gravity at the station. 
g. be the computed value of gravity at the station on the basis 
of isostatic assumptions. 

Ag be the isostatic anomaly without geologic correction. 

Ag’ be the isostatic anomaly with geologic correction. 
Ze = Yo + height correction + topographic correction + isostatic 


correction. (1) 
Ag — &- (2) 
Ag’ =g — (g. + geologic correction °). (3) 


® Assuming 96 kilometers as the depth of compensation. 

* These isostatic anomalies, furnished by the U. S. Coast and Geodetic Survey, are for a depth 
of compensation of 96 kilometers, and were computed according to the new international formula 
for computing theoretical gravity. 

6 The term, geologic correction, as used here, is taken to be identical in meaning with the 
values given under the column labeled “Difference” in Tables 1 and 2. 
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Geologic correction = attraction of geologic column minus attraction 
of isostatic column. 
Combining equations (2) and (3): 
Ag’ = Ag — geologic correction. 
Hence: 
Ag’ < Ag when isostatic anomaly and geologic correction are of 
the same sign. 
Example: Isostatic anomaly —.019, geologic correction —.011. 
Ag’ = —.019 + .011 = —.008. 
Ag’ > Ag when isostatic anomaly and geologic correction are of 
opposite signs. 
Example: Isostatic anomaly +.019, geologic correction —.011. 
“ ag’ = +.019 + .011 = +.030. 
Thus, if a correlation as to sign between these two quantities can 
be shown to exist, the presumption follows that the isostatic anomaly 
is due in part to neglect of the geologic correction. 


TaBLe 1 
Radius of Columns, 16 Kilometers; Depth of Columns, 8 Kilometers 


Eleva- | Isostat- Tsostat- 

No. Station tion ie Sp. ties F(dynes) Differ- ic An- 
tanstened Gr. sostatic | Geologic | ence omaly 

1035 2.642 -6757 .6807 +.005 | +.040 
1370 2.632 -6732 -6829 +.010 | +.053 
360 | Tigerville, 8. D............. sont See 2.621 -6704 -6829 +.013 | +.057 
361 | Smith Ranch, S. D.............. 1626 2.625 .6714 -6829 +.012 | +.043 
1133 2.639 -6750 .6758 +.001 | +.044 
1928 2.617 - 6694 -6816 +.012 | +.058 
1330 2.633 -6734 -6776 +.004 | +.027 
1317 | 2.634 | .6737 .6650 | —.009| +.024 
ee 1387 2.632 -6732 -6484 —.025 | +.022 
1358 2.633 -6734 -6418 —.032 | —.021 
1445 2.630 -6727 -6304 —.042 | —.008 
369 | Acme Mine, Wyo............... 1120 2.639 -6750 -6518 —.023 | +.004 
370 | Ranchester, Wyo............... 1156 2.638 -6747 -6552 —.020 | +.004 
1212 2.637 -6745 -6729 —.002 | +.005 
372 | Steamboat Pt., Wyo.............| 2403 2.605 -6663 -6829 +.017 | +.061 
373 | Burgess Ranger Sta., Wyo....... 2444 | 2.604 | .6660 .6829 | +.017 | +.067 
374 | Medicine Mt., Wyo............. 2778 2.595 -6637 -6829 +.019 | +.071 
375 | Five Springs Bench, Wyo........ 1242 2.636 -6742 -6758 +.002 | +.024 
1356 2.633 -6734 -6782 +.005 | +.061 
377 | East Tensleep, Wyo............. 2588 2.600 - 6650 -6829 +.018 | +.081 
378 | Haselton, Wyo..............0.. 2472 2.603 -6658 -6829 +.017 | +.070 
379 | South Fork Inn, Wyo........... 2428 2.604 -6661 -6829 +.017 | +.083 
1106 2.640 -6752 -6737 —.002 | +.008 
1195 2.637 -6746 -6705 —.004 | —.017 
| Garland, Wo... 1308 2.634 -6737 -6567 —.017 | —.030 
383 | Eagle Siding, Wyo.............. 1428 2.631 -6729 -6371 —.036 | —.034 
1372 2.632 -6732 -6723 —.001 | —.025 
385 | South of Basin, Wyo............ 1192 2.637 -6745 -6643 —.010 | —.005 
1227 2.636 -6743 -6519 —.022 | +.010 
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Eleva- | Isostat- Isostat- 

No. Station tion ic Sp. |F (dy nes) F(dy. nes) Differ- | i An- 
(meters) Ge. Isostatic | Geologic | ence omaly 

387 | Thermopolis, Wyo.............. 1325 2.634 .6737 -6779 +.004 | +.012 
1257 2.636 -6741 -6220 — .042 .000 
389 | Winchester, Wyo............... 1302 2.634 6737 -6607 —.013 | —.014 
390 | Nine Mile Lake, Wyo........... 1620 2.625 .6714 -6640 —.007 -000 
391 | Midwest, Wyo.................. 1478 | 2.630] .6726 | .6724 .000 | +.007 
392 | Kaycee, Wyo................55. 1420 | 2.631 | .6729 | .6723 | —.001 | +.007 
BOS | 1321 | 2.634] .6737 | .6398 | —.034] —.O11 
Die 1247 2.636 .6742 -6496 —.025 | +.017 
422 | S. E. of Sheridan, Wyo.......... 1269 2.635 .6740 -6404 —.034 | —.003 
423 | Experiment Farm, Wyo..........| 1150 2.638 .6747 -6446 —.030 | +.001 
424 | Veterans’ Hospital, Wyo......... 1187 2.637 -6745 -6472 —.027 | +.011 
1237 2.636 -6742 -6497 —.025 | +.006 
1214 2.637 -6744 -6414 —.033 | +.007 
428 | West of Otto, Wyo.............. 1307 2.634 -6737 .6374 —.036 | —.014 
1491 2.629 -6724 -6715 —.001 | —.022 
430 | S. E. of McCullock, Wyo........ 1474 2.630 -6726 -6335 —.039 | —.028 
431 | West of Burlington, Wyo........ 1400 2.632 -6732 -6329 —.040 | —.024 
432 | Pezan Ranch, Wyo..............| 1501 2.629 .6724 -6353 —.037 | —.031 
433 | East of Meeteetse, Wyo......... 1603 2.626 -6716 -6425 —.029 | —.029 
434 | Meeteetse, Wyo................ 1773 2.621 -6704 -6596 —.011 | +.002 
435 | Iema Fiats, 1654 2.625 .6714 -6731 +.002 | +.008 
436 | Oregon Basin, Wyo............. 1602 2.626 .6716 -6721 +.001 | —.019 
437 | Wymont, Wyo................. 3264 2.582 -6604 .6829 +.023 | +.040 
438 | Red Lodge, Mont............... 1784 2.621 .6703 -6491 —.021 | +.003 
460 | Bowler, Mont... 1448 2.630 -6727 .6786 +.006 | +.012 
441 | Gardiner, Mont................. 1634 2.625 -6715 - 6584 —.013 | +.011 
442 | Lamar River, Wyo.............. 1989 2.616 +.017 
443 | Clark Fork River, Wyo.......... 2080 2.613 -6685 6829 +.014 | +.054 
1110 2.640 -6751 6494 —.026 | —.015 
445 | Spotted Horse, Wyo............. 1218 2.637 -6744 -6476 —.027 | +.020 
446 | Wildcat Creek, Wyo............. 1266 2.635 -6740 -6502 —.024 | +.021 
1305 2.634 -6737 -6542 —.020 | +.014 
448 | N. E. of Gillette, Wyo.......... 1361 2.633 -6734 -6511 —.022 | +.032 
449 | S. E. of Gillette, Wyo........... 1380 2.632 .6732 -6474 —.260 | +.015 

TABLE 2 
Radius of Columns, 16 Kilometers; Depth of Columns, 32 Kilometers 

Tsosta- 

No. Station Latitude | Longitude F (dynes) F(dyn es) Differ- tic An- 

Isostatie | Geologic | ence 

omaly 

| Bozsider, 44 06.8 | 103 03.3 | 1.3528 | 1.3536 | +.001 | +.013 
S58 | Rapid City, 6: D............. 44 05.7 | 103 16.9 | 1.3514 | 1.3636 | +.012 | +.040 
a) ee 44 04.1 | 103 29.1 1.3464 | 1.3658 | +.019 | +.053 
360 | Tigerville, 8. D.............. 43 59.6 | 103 41.1 1.3408 | 1.3658 | +.025 | +.057 
361 | Smith Ranch, S. D........... 43 47.3 | 103 30.7 1.3428 | 1.3658 | +.023 | +.043 
43 11.6 | 103 49.4] 1.3500 | 1.3587 | +.009 |} +.044 
43 56.0 | 103 59.9 | 1.3388 1.3645 | +.026 +.058 
43 58.9 | 104 24.9 1.3468 1.3605 | +.014 | +.027 
es 44 11.8 | 104 51.0] 1.3474] 1.3477 .000 | +.024 
366 | Gillette, Wyo................ 4417.5 | 105 29.5] 1.3464] 1.3313 | —.015 | +.022 
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TaBLE 2—Continued 

Isosta- 
Station Latitude F(dynes) Differ- | tio An- 
Isostatic ence omaly 
44 39.2 5.5 1.3468 —.022 | —.021 
44 18.8 1.3] 1.3454] 1. —.032 | —.008 
Acme Mine, Wyo............ 44 54.4 00.5 | 1.3500] 1. —.015 | +.004 
Ranchester, Wyo............ 44 54.5 00.5 1.3494 a —.011 | +.004 
ee 44 51.7 | 107 17.3 | 1.3490] 1. +.007 | +.005 
Steamboat Pt., Wyo......... 44 47.4 | 107 23.7 1.3326 | 1. +.033 | +.061 
Burgess Ranger Sta., Wyo....| 44 46.4 | 107 30.9 1.3320 i. +.034 | +.067 
Medicine Mt., Wyo.......... 44 48.8 | 107 52.0] 1.3274] 1. +.038 | +.071 
Five Springs Bench, Wyo.....| 44 48.3 | 108 08 1.3484 a +.010 | +.024 
44 02.4 | 107 26.0} 1.3468] 1. +.014 | +.061 
East Tensleep, Wyo.......... 44 10.1 | 107 13.0 1.3300 $3 +.036 | +.081 
ae 44 08.2 | 106 55.6 | 1.3316] 1. +.034 | +.070 
South Fork Inn., Wyo........ 44 17.4 | 106 56.7 1.3322 | 1. +.034 | +.083 
44 51.0 | 108 11.6 | 1.3504] 1. +.006 | +.008 
44 50.5 | 108 25.4 | 1.3492] 1. +.004 | —.017 
44 46.6 | 108 39.1 1.3474] 1. —.008 | —.030 
Eagle Siding, Wyo........... 44 40.4 | 108 55.2 1.3458 a: —.026 | —.034 
Mik Basia, Wyo... 44 59.5 | 108 52.8 1.3464 +.009 | —.025 
South of Basin, Wyo......... 44 20.1 | 108 01.7 | 1.3490] 1. —.002 | —.005 
44 11.2 | 107 53.0| 1.3486] 1. —.014 | +.010 
Thermopolis, Wyo........... 43 35.7 | 108 11.8 | 1.3474] 1. +.013 | +.012 
44 00.8 | 107 59.3] 1.3482] 1. — .033 -000 
Winchester, Wyo............ 43 53.0 | 108 08.9 1.3474 a —.004 | —.014 
Nine Mile Lake, Wyo........ 42 59.2 | 106 19.9 1.3428 a. +.005 .000 
re 43 24.7 | 106 16.0 1.3452 a. +.010 | +.007 
43 42.8 | 106 37.9 | 1.3458] 1. +.009 | +.007 
43 41.9 | 106 16.9] 1.3474] 1. —.025 | —.011 
44 40.8 | 106 59.5 | 1.3484) 1. —.016 | +.017 
8. E. of Sheridan, Wyo....... 44 39.6 | 106 50.5 | 1.3480] 1. —.025 | —.003 
Experiment Farm, Wyo...... 44 50.4 | 106 50.3] 1.3494] 1. —.022 | +.001 
Veterans’ Hospital, Wyo...... 44 49.7 | 106.59.3 1.3490 a —.019 | +.011 
44 44.9 | 107 07.9] 1.3484] 1. —.016 | +.006 
44 06.9 | 107 54.9 | 1.3488] 1. —.025 | +.007 
44 25.0 | 108 11.0 1.3484 —.021 -000 
West of Otto, Wyo........... 44 24.9 | 108 21.1 1.3474 $4 —.027 | —.014 
44 33.0 1.7 | 1.3448] 1. +.010 | —.022 
8. E. of McCullock, Wyo.....| 44 27.6 -7] 1.3452] 1. —.029 | —.028 
West of Burlington, Wyo.....| 44 25.9 3 1.3464 1. —.031 | —.024 
Pezan Kanch, Wyo........... 44 22.1 6 1.3448 ay —.027 | —.031 
East of Meeteetse, Wyo...... 44 17.8 4 1.3432 TR —.018 | —.029 
Meeteetse, Wyo............. 44 08.9 4 1.3408 as +.002 | +.002 
Irma Flats, Wyo............. 44 27.1 5 | 1.3428 | 1. +.013 | +.008 
Oregon Basin, Wyo.......... 44 25.2 a 1.3432 1. +.012 | —.019 
44 58.9 1.8208] 1. +.045 | +.040 
Red Lodge, Mont............ 45 11.1 6 1.3406 | 1. —.009 | +.003 
Bridger, Mont........:...00» 45 20.2 55.6 | 1.3504] 1. +.003 | +.046 
Bowler, Mont... 45 12.0 46.0} 1.3454] 1. +.016 | +.012 
Gardiner, Mont.............. 45 01.6 42.2 1.3430 aE —.002 | +.011 
Lamar River, Wyo........... 44 55.0 15.9 Rene Beer +.017 
Clark Fork River, Wyo....... 44 56.7 47.0 | 1.3370 +.029 | +.054 
44 39.1 07.5 1.3502 —.018 | —.015 
Spotted Horse, Wyo.......... 44 42.6 50.3 | 1.3488 —.018 | +.020 
Wildcat Creek, Wyo.......... 44 29.4 35.3 | 1.3480 —.015 | +.021 
44 16.3 11.1 1.3474 —.010 | +.014 
N. E. of Gillette, Wyo........ 44 20.1 24.8) 1.3468 —.013 | +.032 
8. E. of Gillette, Wyo........ 44 08.8 24.3 | 1.3464 —.016 | +.015 
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From these tables one sees that, in general, the differences and the 
isostatic anomalies are in the same direction. There is, therefore, some 
relationship between them. To bring out the nature of this relation- 
ship and its significance the results are grouped in Table 3. 


TaBLe 3.—Results Grouped 
I.—Botu DirrERENCE AND ANOMALY POSITIVE 


Depth 8 Km. Difference +.010 Depth 32 Km. Difference +.018 
(21 stations) Anomaly +.046 (29 stations) Anomaly +.037 


II.—Bors DirrerENCE AND ANOMALY NEGATIVE 


Depth 8 Km. Difference —.025 Depth 32 Km. Difference — .022 
(20 stations) Anomaly —.017 (16 stations) Anomaly —.017 


III.—Dirrerence NEGATIVE AND ANOMALY POSITIVE 


Depth 8 Km. Difference —.019 Depth 32 Km. Difference —.015 
(25 stations) Anomaly +.012 (16 stations) Anomaly +.013 


IV.—DirrERENCE PosiITIVE AND ANOMALY NEGATIVE 


Depth 8 Km. Difference +.001 Depth 32 Km. Difference + .009 
(1 station) Anomaly —.019 (4stations) Anomaly —.021 


COMPARATIVE RESULTS 


In the first group are the cases in which both the difference and the 
isostatic anomaly are positive. For columns, 8 kilometers deep, the 
differences average +.010 dyne and the anomalies +.046 dyne.’ For 
these the average anomaly is more than four times the gravitative 
difference between the geologic and the theoretical isostatic columns. 
If one extends the same columns to a depth of 32 kilometers, the differ- 
ences average +.018 dyne and the anomalies +.037. For the deeper 
columns the average anomaly is, thus, twice the difference in gravita- 
tion between the geologic and the isostatic columns. The gravitative 
anomalies, of course, remain the same whatever columns are selected; 
but in extending the columns deeper some of the differences which were 
negative for shallower columns have become positive, and so this 
group comes to include more stations than before. The general effect 
of taking greater depths is to increase the positive difference between 


6 The anomalies first supplied by the U. S. Coast and Geodetic Survey were for 113.7 kilometers 
depth of compensation. Tables were prepared on this basis, but the results, when grouped, vary 
only slightly from those of Table 3 for 96 kilometers depth of compensation, which is preferred. 

7 Throughout this discussion, ‘dynes’ implies “dynes per gram of mass at the station on 
the surface.” 
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the geologic and the isostatic columns. This is because the bulk density 
of 2.67 was carried to the bottom of the geologic column, and a lesser 
density, determined by the elevation of the gravity station, was carried 
to the bottom of the Hayford-Bowie column. Consequently, the com- 
puted difference is greater the deeper the column. The stations having 
positive anomalies of large magnitude are on the high-standing pre- 
Cambrian rocks of the Black Hills and the Bighorn and the Beartooth 
mountains. Here, the heavy crystalline rocks are close to the stations. 

In the second group are the cases in which both the difference and 
the anomaly are negative. These stations are located in the basins 
and intermontane areas, where in many places the post-Proterozoic 
sedimentary beds are more than 10,000 feet in thickness. For columns, 
8 kilometers deep, the differences average —.025 dyne and the anoma- 
lies —.017 dyne. For columns, 32 kilometers deep, they average 
respectively —.022 dyne and —.017 dyne. The differences and the 
anomalies will be seen to be of about the same order of magnitude, 
although the former are somewhat greater. The negative signs, in 
both instances, apparently result chiefly from the thick basin filling of 
light sediments in the upper part of the columns near the stations. 
Increasing the depth of the columns diminishes the differences between 
the geologic and the isostatic columns, the increased mass of heavier 
rocks in the lower part of a column offsetting more of the effect of 
the lighter rocks in the upper portion of the column. 

In the third group are the cases in which the differences are nega- 
tive and the anomalies positive. The figures are somewhat smaller 
than for the other groups. There are fewer cases for the 32-kilometer 
columns than for the 8-kilometer columns, because the greater depth 
reduces negative differences and throws certain stations into the first 
group. The results indicate an inherent regional tendency toward 
positive anomalies, as obtained by the present method of computing 
isostatic anomalies. 

The fourth group comprises the stations for which the difference 
is positive and the anomaly negative. The cases are few and spe- 
cial, for these are basin stations, over areally small, but pronounced, 
anticlinal structures, which bring heavy rocks closer to the surface at 
the given station than in other parts of the column. An error has 
been introduced in these cases because of the fact that the gravitative 
attraction of the whole column has been computed from the strati- 
graphic section directly below the station on the anticline, whose rocks 
are somewhat heavier than the average for the whole column. Were 
it not for the local structures these cases would go into group two, 
which is most characteristic for the basin areas. 
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EFFECT OF EXTENDING THE COLUMNS 


Obviously, the pull of the surficial rocks felt at a given gravity 
station is not limited to a radius of 16 kilometers. The rocks farther 
away exert a gravitative attraction, although diminishing with increas- 
ing distance. For comparative study the columns of certain stations 
were extended horizontally to 32, 48, and 64 kilometers in radius. 
Assuming uniform geologic conditions over these greater areas, the 
effect of increasing the radii of the columns is obviously to increase 
the gravitative differences between the geologic and the theoretical 
isostatic columns. In the case of several stations located near the 
middle of one of the broad basins, a radius as great as 64 kilometers 
can be used without too great variations in the stratigraphy to vitiate 
seriously the results. Likewise, several of the Black Hills and the 
Bighorn columns can be 32 kilometers in radius without including 
enough of the Paleozoic rocks on the flanks of the ranges to introduce 
serious complications. Greater radii, however, will include important 
portions of the two adjoining basins, whose light basin fill will partially 
neutralize the effect of the heavy pre-Cambrian rocks of the elevated 
mountain-block. The differences between the geologic and the isostatic 
columns for both mountain and basin stations will, therefore, appar- 
ently reach a maximum for columns somewhat larger than those here 
taken, but from that maximum the differences presumably will dimin- 
ish in varying degree as larger areas are brought into consideration. 
It must be recognized, of course, that in any final study the more 
distant geology must be taken into account, and that this will be a 
complicated and laborious procedure. 

All columns were calculated for a depth of 32 kilometers as well 
as 8 kilometers. In both series the pre-Cambrian surface density of 
2.67 was extended to the bottoms of the columns. As this is greater 
in all cases than the theoretical isostatic density for these stations, 
the calculated differences pile up with increasing depth for the moun- 
tain columns. For the basin columns the effect is to offset more of the 
light rocks near the surface, and thus reduce the differences. 

Uniform rock density from the top of the pre-Cambrian to a depth 
of 32 kilometers, or more, is, of course, not the geologic picture; several 
lines of evidence indicate increasing density with increasing depth. 
Present knowledge of the so-called outer shells of the earth is, however, 
still too meager, and the conclusions of different investigators too 
widely variant, to allow the use of any but arbitrarily chosen densities 
for the lower portions of columns between the depth of 8 kilometers 
and whatever depth of compensation is selected for the study. Conse- 
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quently, 32 kilometers was the greatest depth used for the 66 stations. 
On the other hand, increasing density with increasing depth is taken 
care of, in a way, by the Pratt-Hayford method which, in reality, 
assigns, relative, rather than absolute, specific gravities to the columns. 
That method assumes only that a mountain column is of lower specific 
gravity than a basin column, in proportion as its upper surface stands 
higher, so that the two columns have the same mass above the depth 
of compensation; it is dealing with the total masses of the columns, 
not with the distribution of mass within columns. Therefore, it does 
seem advisable to extend several of the columns to 96 kilometers, the 
depth of compensation used, to learn what the results will be. For this 
comparison three Bighorn Mountain stations (No. 373, Burgess Ranger 
Station; No. 377, East Tensleep; and No. 378, Hazelton) and three 
basin stations (Nos. 366 and 367, Gillette and Ulm in the Powder River 
basin; and No. 431, Burlington in the Bighorn basin) were selected. 
The results are given in Tables 4 and 5. 


TaBLE 4.—Mountain Stations 


No. 373—Burgess Ranger Station Isostatic Anomaly +.067 
Radius 16 Km 32 Km 48 Km 
(dynes) isostatic..................... 6660 7645 7997 

Radius 16 Km 32 Km 48 Km 

1.3658 2.0946 2.4930 

NC ee ea Radius 16 Km 32 Km 48 Km 
F (dynes) geologic...................-. 1.6399 2.9954 4.0973 
1.5993 2.9214 3.9960 

No. 377—East Tensleep, Wyoming Isostatic Anomaly + .081 
.6650 7634 . 7985 
+.018 +.021 + .022 

+ .036 +.055 + .065 

(dynes) isostatic... 1.5969 2.9169 3.9898 


+ .043 +.079 +.108 
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No. 378—Hazelion, Wyoming 


Isostatic Anomaly +.070 


sine Radius 16 Km 32 Km 48 Km 
1.3316 2.0421 2.4304 

a re Radius 16 Km 32 Km 48 Km 
1.6399 2.9954 4.0973 


5.—Basin Stations 


No. 366—Gillette, Wyoming 


F (dynes) geologic.......... 
F (dynes) isostatic.......... .6732 
Radius 16 Km 
F (dynes) geologic.......... 1.3313 
F (dynes) isostatic.......... 1.3464 
—.015 
Oe Radius 16 Km 
F (dynes) geologic.......... 1.6054 
F (dynes) isostatic.......... 1.6166 
—.011 
No. 367—Ulm, Wyoming 

Radius 16 Km 
F (dynes) geologic.......... 6418 
F (dynes) isostatic.......... .6734 
— .032 
Radius 16 Km 
F (dynes) geologic.......... 1.3247 
F (dynes) isostatic .......... 1.3468 
F (dynes) geologic.......... 1.5988 
F (dynes) isostatic.......... 1.6171 
—.018 
No. 481—West of Burlington, Wyoming 

Radius 16 Km 
F (dynes) geologic.......... 

F (dynes) isostatic.......... 


Isostatic Anomaly + .022 


32 Km 48 Km 64 Km 
. 7483 7839 .8019 
. 7728 .8083 . 8264 
— .025 — .025 — .025 
32 Km 48 Km 64 Km 
2.0590 2.4570 2.6952 
2.0648 2.4575 2.6930 
— .006 —.001 + .002 
32 Km 48 Km 64 Km 
2.9598 4.0613 4.9497 
2.9528 4.0390 4.9155 
+.007 + .022 +.034 
Isostatic Anomaly —.021 
32 Km 48 Km 64 Km 
. 7409 7747 7943 
. 7730 . 8086 .8268 
— .032 — .034 — .033 
32 Km 48 Km 64 Km 
2.0516 2.4478 2.6876 
2.0656 2.4584 2.6940 
—.014 —.011 — .006 
32 Km 48 Km 64 Km 
2.9524 4.0521 4.9421 
2.9540 4.0405 4.9173 
— .002 +.012 + .025 
Isostatic Anomaly —.024 
32 Km 48 Km 64 Km 


7643 


.7297 
— .040 — .043 — .044 — .045 
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Taste 5.—Basin Stations—Continued 


Radius 16 Km 32 Km 48 Km 64 Km 
F (dynes) geologic.......... 1.3158 2.0404 2.4374 2.6752 
F (dynes) isostatic.......... 1.3464 2.0648 2.4575 2.6930 
—.031 — .024 — .020 — .018 

Radius 16 Km 32 Km 48 Km 64 Km 
F (dynes) geologic.......... 1.5899 2.9412 4.0417 4.9297 
F (dynes) isostatic.......... 1.6166 2.9528 4.0390 4.9155 
— .027 —.012 +.003 +.014 


The three mountain stations in Table 4 were selected for their 
location in the medial portion of the Bighorn Range, where a radius 
of 32 kilometers can be used without serious geologic complications. 
The three basin stations in Table 5 are located where geologic condi- 
tions permit extension of the columns to 64 kilometers in radius. For 
columns, 32 kilometers in radius and 96 kilometers deep, all three 
mountain stations give differences between the computed geologic and 
the isostatic gravitative values, which are closely in accord with the 
isostatic anomalies. The differences are, respectively, +.074, +.079, 
and +.075 dynes; the corresponding isostatic anomalies are +.067, 
+-.081, and +070 dynes. This accordance may, perhaps, be significant, 
but the investigation has not yet progressed sufficiently to affirm that 
the results have the significance which one might at first attribute to 
them. The geologic formations beyond the limits of the Bighorn Range 
have not been taken into account, and other assumptions and variable 
factors are involved. But, in any case, the results do show the order 
of magnitude of the local geologic factor under the assumptions of 
the investigation. 

The three basin stations do not show such close agreement. Gillette, 
in the Powder River basin, has a considerable positive anomaly, which 
may mean that the pre-Cambrian rocks here lie at lesser depths than 
supposed. Ulm and Burlington, however, are thoroughly typical of 
the basins. For columns, 64 kilometers in radius and 96 kilometers 
in depth, the differences for the three stations are, respectively, +-.034, 
+.025, and +.014 dynes, and the corresponding isostatic anomalies 
+.022, —.021, and —.024 dynes. 

An inspection of these figures suggests that the differences in attrac- 
tion between the geologic and the isostatic columns of the size taken 
are more strongly positive than the isostatic anomalies. Including 
larger areas will tend to increase the discrepancy. This fact leads 
one to suspect a systematic error in either one or both of two different 
directions: (1) Too great a depth of compensation has been used, or 
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(2) the computations involve too great density difference between the 
geologic and the isostatic columns. Many geologists incline toward 
a depth of compensation of 60 kilometers instead of 96 kilometers; 


A B 
< 2.67 
2.71 
= 
DENSITY 
2.8 2.8 
2.9 


Ficurs 2.—Two rock columns, 16 kilometers in radius and 96 kilometers in depth 
Column A has a uniform density of 2.8. Column B is divided into four sections having 
different densities. The two columns have the same total mass, but the gravitative attraction 
of column B at surface station B is .053 dynes less than that of column A at station A. 


other geologists doubt whether there is any single depth or single 
type of compensation. Another analysis of the present sort might be 
made on a 60-kilometer basis. 
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Will some other density assumptions work better than those now 
used in computing gravity anomalies? This is possible, and merits 
consideration. For example, consider two columns, 16 kilometers in 
radius and 96 kilometers in depth. Assume that the average specific 
gravity of each column is 2.8. One column has uniform density 
throughout. The other column has a uniform density of 2.9 in its 
lowest third, a uniform density of 2.8 in its middle third, and an average 
density of 2.7 in its upper third which comprises an uppermost 8 kilo- 
meters of density 2.67 and a lower 24 kilometers of density 2.71 
(Fig. 2). The total mass of each column is exactly the same. Assume 
that the two columns are in perfect isostatic equilibrium. The isostatic 
anomaly of column B, however, will not be zero. The gravitative pull 
of column B for a station on the surface will be .053 dynes less than 
that of column A. Or station B compared with station A will show 
the rather large anomaly of —.053. 

It will probably be rather generally agreed that column B more 
nearly approximates the actual conditions in the earth than column A. 
If so, the commonly assigned uniform density of 2.67 for a sea-level 
column is too low. But who knows just how much too low? Although 
the theory of isostasy and this present analysis are concerned more 
with relative than with absolute densities, as previously stated, and 
the figure 2.67 is used largely as a computational expedient, neverthe- 
less, for any final analysis along the lines of this study, some modifica- 
tion of the adopted isostatic density values seems advisable. By 
trying out several arbitrarily assumed densities the magnitude and 
the importance of this factor can be determined. 


APPARENT SIGNIFICANCE OF THE ANOMALIES 


From these studies, one is in a position to see what factors combine 
to give the isostatic anomalies: 


1. The density of the surficial rocks near the station is an important factor. 
The local geology looms distinctly large. 

2. The elevation of the station, particularly in regions of great relief, likewise 
has some influence on the results as they are calculated at present. This is because 
the isostatic density is assumed to vary inversely with the elevation. The higher 
the station, therefore, the larger the positive anomaly is apt to be, because of 
the lower density assumed. Corrections for the warping of the geoid have not 
been made in the present isostatic reductions, but when applied they should 
probably increase rather than diminish the positive anomalies. The U. S. Coast 
and Geodetic Survey is preparing tables for computing the warping of the geoid, 
on the hypothesis of isostatic compensation. 

3. The anomalies include the departures from isostatic compensation, involving, 
also, whatever errors there may be in the assumptions and the application of 
compensation. 
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These three factors, together with the inevitable errors, combine in 
varying degree to produce the isostatic anomalies. It should be 
apparent that the two first factors go far toward obscuring the impor- 
tance of the third factor, isostatic compensation. In any case, it will 
be agreed that the anomalies can be used to throw light upon the 
geology near the station. Their greatest value would seem to be in 
suggesting buried structures, such as anticlines, beneath horizontal 
sedimentary fill, and local occurrences of buried rocks of unusual 
density. 

SUGGESTED NEW METHOD 


A new method of determining anomalies and a new type of anomaly 
are suggested. The present anomalies lump together two important 
variables—the geology, on the one hand, and the isostatic compensa- 
tion, on the other. So long as either one remains a variable, the other 
cannot be determined. The local geology has been shown to be impor- 
tant. If that is ignored, as has been done in the past, the other variable, 
the degree of isostatic compensation, remains more or less indeter- 
minate. Ignoring the geology is a serious defect in the present method. 

The writer, therefore, ventures to suggest a new method of procedure, 
which seems to be a truer method than any previously used. Its steps 
are as follows: 

1. Determine the theoretical sea-level value of gravity for the lati- 
tude of the station, just as is done at present. 

2. Apply to this, corrections for the elevation and for the topography.’ 

3. Apply an additional correction for the surficial geology. This to 
be based on the gravitative pull of the outer shell of rocks (possibly 8 
kilometers in depth) over a wide surrounding area. 

These factors are all in the actual case, and they must all be taken 
into account. Correcting for the geology will greatly increase the 
labor involved, but that cannot be helped, if one is really going to 
tackle the problem. 

4. When these corrections have been applied to the theoretical value 
of gravity for the station, the result is to be compared with the observed 
value of gravity determined instrumentally, and the difference is the 
new gravitative anomaly. This new anomaly is, thus, limited to the 
effects of the unknown conditions in the earth below the selected outer 
shell and to the inevitable minor errors in making the above correc- 
tions. In this method, one follows known conditions as far as possible, 
and leaves as little as possible for the unknown. 


8 Varying density of rocks is, of course, a factor in corrections for topography. 
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5. For the unknown, now bring in isostatic compensation to see what 
it will do toward reducing the new-style gravitative anomalies. This 
will give a fair test of the theory of isostasy, and particularly of its 
different types of compensation. Will the Pratt type of compensation 
work best, or will the Airy type of compensation more nearly explain 
the gravitative anomalies, or will some more strictly geologic type 
of compensation do better than either? 

These are questions for future investigation to decide. The greatly 
increased labor of including the geology in the problem may result in 
slow progress, and systematic investigation along these lines will pre- 
sumably necessitate extensive cooperation of geodesists and geologists. 
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INTRODUCTION 


The characteristic feature of all faults is displacement. But faults 
are finite, they must die out downward as well as laterally, and many 
faults originally failed to reach the surface. Displacement thus be- 
comes zero at the margins of the fault plane, and must, therefore, vary, 
not only across the direction of movement, but also parallel to it. This 
paper deals with this variation as observed in cross-section—that is, 
in general, parallel to the direction of movement—and its relation to the 
origin and the magnitude of thrust faults. 

In faulting, a large amount of deformation, or strain, is limited to a 
single plane. This paper also considers the problem of localization 
of causative stress which so concentrates the deformation. 


* Manuscript received by the Secretary of the Society, January 3, 1934. 
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Study of the structure of the foothills of the Rocky Mountains in 
Alberta, during the field seasons of 1929 and 1930, permitted the care- 
ful observation of many low-angle and high-angle thrust faults in sedi- 
mentary rocks. The relationships of the beds on either side of the 
fault to the fault plane and to one another revealed the direction of 
increase of displacement in a great majority of cases, and often showed 
the approximate rate of variation at the point of observation, even in 


SS 

Ficure 1.—Thrust fault Ficure 2.—Theoretically complete thrust fault 

Showing varying displacement, increasing Showing a lower section (L) in which the 

upward. displacement increases upward from zero, a 


center section (M) in which there is little vari- 
ation, and an upper section (U) in which the 
displacement decreases upward to zero. 


cases where the actual displacement could not be determined. From 
these observations, inferences could be drawn concerning the mode of 
origin, extent and importance of the various faults. 


DEVELOPMENT OF DISPLACEMENT 
DEFINITION OF DISPLACEMENT 


Displacement, or net slip, is defined as the distance, measured along 
the fault plane, between two points originally in contact. One should, 
therefore, speak of the displacement of a given bed or body, rather than 
of that at a given point on the fault. Thus, in Figure 1, two displace- 
ments may be measured from point B: that of the base of bed M, in 
the hanging wall, AB, and that of the top of bed M, in the footwall, 
BC. As the latter is the greater, the displacement through the observed 
section of the fault increases upward. 
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The remarks in this paper apply to variations in displacement 
parallel to the direction of movement. For simplicity, it is assumed, 
therefore, that the faults considered are dip-slip faults, or that the 
cross-sections are taken parallel to the line of movement. 


VARIATION IN DISPLACEMENT 


Variation in displacement in the direction of movement can only 
be caused by a change in the length of the surface of one block along 
the fault plane, relative to the corresponding surface of the other block. 
Thus, in Figure 1, BC (above the fault) must have been lengthened, 
or AB (below the fault) must have been shortened, relative to the other, 
to produce the observed effect, for prior to faulting the two segments 
matched. In this case, either is possible, through flexing and bedding- 
plane slippage, although the latter appears more probable. 

In sedimentary rocks both bedding-plane slippage and folding afford 
opportunity for extreme dimensional changes in the surface along a 
fault; hence, they permit large variations in displacement in short 
distances and the development of large displacements on faults of com- 
paratively limited extent. 

Across the direction of movement, displacement may vary by rota- 
tion of one block relative to the other, without any change in the form 
or dimensions of the blocks. 


THEORETICALLY COMPLETE THRUST FAULT 


A theoretically complete thrust fault is shown in Figure 2. Three 
divisions are apparent: (1) a lower section (L), the root, in which the 
displacement decreases downward to zero, due to the shortening of the 
footwall or the lengthening of the hanging wall; (2) a middle section 
(M), in which the displacement reaches a maximum, and in which 
there is little variation; and (3) an upper section (U), in which the 
displacement dies out upward, due to shortening above or lengthening 
below the fault. Such a fault is initiated at its center, from which 
it grows both downward and upward as displacement at the center in- 
creases. 

In nature, few thrusts show all three of these sections. Those that 
emerge at the surface may have no upper section. Minor faults in im- 
bricate structure may rise out of the sole fault and have their maximum 
displacement at the lower end, and, therefore, have no lower section. 
On many faults, displacement may increase or decrease through more 
than one section. Rarely, except on the smallest thrusts, can more 
than one section be observed, but by noting the direction of variation, 
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that section which is exposed to view may be recognized, and evidence 
obtained in regard to the importance and the downward continuity of 
the fault. 

LOCALIZED SHEARING STRESS 

Faults are caused by the localization of an effective deformative stress 
in a plane parallel to a plane of maximum shear. This statement is of 
the utmost importance to those who would understand the mechanics 
of faulting, and to make it clear it is necessary to review briefly the 
nature of internal stress. 

There are four variable factors which determine the point at which 
a mass first fails, and the nature and orientation of its failure. First, 
actual intensity of internal stress difference varies within the mass. 
Second, the direction of stress (position of the stress axes) may not be 
constant throughout the mass. Third, the nature of the effective stress, 
whether compressive or tensile, may change from point to point. 
Finally, and not least in importance, the character of the material, and, 
therefore, its resistance to different types of stress, may not be uniform. 

The writer believes that variation in resistance is a much more im- 
portant cause of faulting than variation in intensity of internal stress. 
Each is considered in the following examples, which are chosen to 
illustrate both variation of fault displacement and localization of effec- 
tive stress. No pretense of completeness is made for these examples, 
as the special conditions which may produce thrust faults are extremely 
varied, and, more often than not, obscure or indeterminate. 

Taking the term, “effective stress,” to mean a stress capable of over- 
coming the resistance of the material to deformation at a given point, 
the meaning of the statement at the beginning of the section becomes 
clear. Faulting may be due either to a concentration of internal stress 
in a given plane, or to a plane of weakness in the mass, but faulting 
will occur only if this plane approaches parallelism with one of the 
planes of maximum shear, determined by the orientations of the in- 
ternal stress axes. Although shearing stress pervades any mass sub- 
jected to differential stress, deformation will be by fracture, flow, or 
distributed shear, rather than by concentrated shear or faulting, unless 
this condition is met. For example, bedding planes are planes of weak- 
ness. On the axis of folds, shearing stress is diagonal to them, and no 
movement occurs on them, although the beds may be thickened by 
flowage. On the limbs, however, where the bedding parallels a plane 
of maximum shear, each plane of parting localizes deformation and be- 
comes, in reality, a fault. 
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FAULTS DEVELOPED THROUGH SHORTENING BY FOLDING 
LOW-ANGLE THRUST FAULTS 


Low-angle thrust faults are generally due to a concentration of 
shearing stress in a direction approaching the horizontal, caused by ver- 
tical variation in the intensity of the horizontal compressive force or by 
the resistance offered to it. Two types of faults due directly to varia- 
tions in intensity of deformative stress, acting on comparatively uni- 


Ficure 3.—Primary overthrust of the basal shear plane type 
Showing shortening above the fault plane and downward increase in displacement toward 
source of pressure. A ‘‘pressure box” overthrust. 


form material, are distinguished—overthrusts, caused by concentration 
of horizontal compressive stress above a given level, and underthrusts, 
caused by such a concentration below a given level, or to downward 
increase in stress.2, The former stress system produces a fault which 
dips toward the source of pressure; the latter, one which dips away 
from it. 
BASAL SHEAR PLANES 

Basal shear planes are primary low-angle overthrusts, formed by com- 
pression above a definite level (Fig. 3). This is a well-known concept 
of the stress conditions in orogenic belts.? Such compression produces 

1R. T. Chamberlin and W. Z. Miller: Low-angle faulting, Jour. Geol., vol. 26, no. 1 (1918) p. 1-45. 

2T. A. Link: Relation between over- and under-thrusting as revealed by experiments, Am. 
Assoc. Petr. Geol., Bull., vol. 12, no. 8 (1928) p. 825-854. 

®T, C. Chamberlin: The fault problem, Econ. Geol., vol. 2 (1907) p. 597-590; R. A. Daly: 
Our mobile earth (1926); Bailey Willis: La force seismique en Californie, Soc. Géol. Belg., Livre 
Jubilaire (1927) p. 33. 
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a concentrated horizontal shearing stress at the base of the compressed 
zone, along which displacement develops as the mass above it is 
folded and shortened. This displacement decreases forward in the 
direction of growth of the fault, away from the source of pressure. 
This corresponds to the condition in the upper section of a theoretically 
complete thrust. The position and the nature of the roots of such 
a fault are matters of speculation which depend largely on the theory 
of origin of orogenic stresses preferred. The fault plane may be 
diverted upward along normal shear planes, due to the direct compres- 
sive stress, and thus emerge at the surface, but this does not necessarily 
occur. Such basal shear zones are postulated as underlying all belts 
of folded rocks. 

The writer offers no demonstrable examples of such basal shear zones 
now exposed, but suggests that the low-angle thrusts of the Scottish 
Highlands and the basal thrusts of the eastern Nappe zone of the Alps 
may represent this type of fault. 

In all pressure-box experiments a basal shear zone is, of necessity, 
present between the compressed model and the floor of the pressure 
box. Most of the overthrusts in such experiments rise out of this zone 
and show the characteristics thereof; namely, shortening above the 
plane, and upward decrease in displacement. Inferences in regard 
to the preponderance in nature of faults of this type,* drawn from such 
experiments, are not borne out by the writer’s observations. A ma- 
jority of the low-angle thrust faults seen by him in the field, as well 
as those illustrated in the literature, show more shortening in the foot- 
wall than in the hanging wall. This does not mean that primary over- 
thrusts are rare; it merely suggests that they are seldom exposed. 
Reasons which make this probable will be advanced later. 


UNDERTHRUSTS 
Underthrusts at low angles may be formed by deep-seated compres- 
sion or by compression which increases in intensity downward.® This, 
also, is a condition likely to exist in orogenic belts, for the sources of 
energy which cause deformation are probably deep-seated. A con- 
centrated shearing stress, oriented at a low angle, is, thereby, set up 
above the level of maximum compression, and a downward-directed low- 
angle underthrust is formed, below which the mass is shortened rela- 
tive to that above (Fig. 4). 


*T. A. Link: Relation between over- and under-thrusting as revealed by experiments, Am. 
Assoc. Petr. Geol., Bull., vol. 12, no. 8 (1928) p. 825-854. 
Ibid. 
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Such an underthrust normally originates at the upper limit of the 
compressed zone, and grows both downward and upward. It is, there- 
fore, a complete thrust, at least until it reaches the surface. Above 
the point of origin, the displacement may be constant or may vary ac- 
cording to the relative deformation of the footwall and the hanging 
wall. Below it, the footwall is crumpled by the compression; the dis- 


A Basa/ Plane 


Figure 4.—Low-angle primary underthrust 


Caused by deep-seated compression. Note shortening below the fault, downward decrease 
in displacement, and uplift of the fault plane and the block above it. 


placement decreases downward, and the fault is limited in that direc- 
tion. If the lower section becomes exposed by erosion, the distance to 
its lower limit may be estimated, in a general way, from the total 
amount and the downward rate of decrease of displacement. 

If the compression which forms such an underthrust is considered 
as having a definite lower limit, a basal shear plane may exist, form- 
ing a low-angle overthrust beneath the underthrust, and converging 
on it at the apex of the wedge of the shortened mass between the faults 
(Fig. 4). 

UPLIFT OR DEPRESSION OF FAULT PLANES 

Uplift or depression of fault planes is caused by the vertical thicken- 
ing attendant on the horizontal shortening of the masses beneath pri- 
mary underthrusts and above primary overthrusts. Thickening of the 
mass above a basal shear plane tends to promote sinking of the mass 
as a whole, through isostatic adjustment. This buries the fault plane 
even deeper than the level at which it was formed. Exposure of such 
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a fault through erosion is, therefore, unlikely, unless the locus of de- 
pression becomes one of great uplift at some later geologic time. 

On the other hand, thickening of the shortened mass below an under- 
thrust raises the fault plane and the block above it. The latter is im- 
mediately subjected to increased erosion, and the chances for exposure 
of a considerable portion of the underthrust are excellent. For this 
reason, underthrusts should be much more commonly observable than 
primary overthrusts of the basal shear plane type. Nevertheless, their 
formation as a result of the special stress conditions outlined above is 


Ficure 5.—Break thrust 


Developed by crumpling of weak beds below a resistant stratum after the latter has sheared 
through a sharp flexure. Note forward increase in displacement and uplift and flexing of the 
fault plane above the crumpled zone. , 


difficult to analyze and recognize, and the writer offers no examples, 
for the decisive factor, the direction of the active deformative stress, 
is controversial, and beyond the scope of this paper. However, the 
reader will doubtless recall examples from his own experience, accord- 
ing to his opinion concerning source and direction of this stress. 


BREAK THRUSTS AND EROSION THRUSTS 


Break thrusts and erosion thrusts are low-angle faults which develop 
as a result of differential resistance instead of differential compression. 
The generic name, strut thrust, is here suggested to include these and 
other similar types, as a resistant strut transmits the pressure to some 
more distant point of relief, while the weaker mass below the strut is 
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crumpled and shortened. The shearing stress is localized in a hori- 
zontal direction along the bedding plane between the strut and the mass 
below. Displacement develops through the shortening of the latter 
(Fig. 5). 

The thrust, thus formed, has a limited downward extent, and is up- 
lifted by the thickening of the shortened mass below it; hence, it is 
subject to exposure by erosion, as in the case of primary underthrust- 
ing. It may overlie a basal shear plane formed at the base of the 
crumpled zone. It may be either an overthrust or an underthrust, for 


Figure 6.—Ezperimentally formed strut thrust 


In this case, flexing and bedding-plane slippage have contributed to the rapid dying out of 
the fault displacement to the right. (After Cadell.) 


it depends on local conditions of relief of pressure and distribution of 
resistance, rather than on the source and the character of the primary 
stress. 

Cadell * produced faults of this type in his classic experiments in 
1888 (Fig. 6) and concluded therefrom that all faults originate from, 
and pass downward into, folds. 

A majority of low-angle thrust faults, both large ea small, now 
exposed, are thought by the writer to belong to this type. The Lewis 
thrust in northern Montana’ is a classic example. The Hart Moun- 
tain ® and the Bannock ® thrusts may have had the same origin, and, 
because of the intense crumpling below them, they may be compara- 


*H. M. Cadell: Experimental researches in mountain building, Roy. Soc. Edinburgh, Tr., vol. 35, 
pt. 7 (1888) p. 337-357 

7 Bailey Willis: Stratigraphy and structure, Lewis and Livingston ranges, Montana, Geol. Soc. 
Am., Bull., vol. 13 (1902) p. 305-352. 

8C. L. Dake: The Hart Mountain overthrust and associated structures in Park County, Wyoming, 
Jour. Geol., vol. 26, no. 1 (1918) p. 45-55. 

*R. W. Richards and G. R. Mansfield: The Bannock overthrust, a major fault in southeastern 
Idaho and northeastern Utah, Jour. Geol., vol. 20, no. 8 (1912) p. 681-709. 
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Ficure 9.—Bannock overthrust in the northern Rocky Mountains 


(After Richards and Mansfield.) 


Note crumpling of beds below the fault and resultant flexing of the fault plane. 


tively superficial features in spite of 
their great displacements. The folded 
low-angle thrusts of the southern Appa- 
lachians ?° and the larger of the north- 
western nappes of the Alps are others. 
The importance of the resistant strut in 
the formation of these great faults has 
long been recognized." The mechanism 
of their development was suggested by 
Bailey Willis’? in 1903 and in 1907, 
but the possibility of a relatively shal- 
low origin for them has not been em- 
phasized. 


RATIO OF DOWNWARD EXTENT OF FAULT 
TO DISPLACEMENT 


The ratio of the downward extent of 
the fault to the displacement on a fault 
of this type becomes surprisingly small 
if the folding of the shortened block be- 
neath it is intense. The percentage of 
shortening that may be effected by 
crumpling or isoclinal folding is large. 
A shortening of two into one is not un- 
common. The writer estimates that the 
foothills belt of Alberta has been com- 
pressed to one third or one fourth of its 
original width. Estimaces of shorten- 
ing in the Alps, range as high as eight 
into one. In Figure 5 a shortening of 


10°C, W. Hayes: Overthrust faults of the southern 
Appalachians, Geol. Soc. Am., Bull., vol. 2 (1891) p. 
141-152. 

UJbid; Bailey Willis: Mechanics of Appalachian 
structure, U. S. Geol. Surv., 13th Ann. Rept., pt. 2 
(1893) ; Stratigraphy and structure, Lewis and Livingston 
ranges, Montana, Geol. Soc. Am., Bull., vol. 13 (1902) 
p. 305-352; Ueberschiebungen in den Vereinigten Staaten 
von Nordamerika, IXme Cong. Inter Géol., Compte 
Rendu (1903) p. 529-540; Thrusts and recumbent folds, 
a suggestion bearing on alpine structure, Sci., n. s., vol. 
25, no. 652 (1907) p. 1010-1011. 

12 Bailey Willis: Ueberschiebungen in den Vereinigten 
Staaten von Nordamerika, IXme Cong. Inter. Géol., 
Compte Rendu (1903) p. 529-540; Thrusts and recumbent 
folds, a suggestion bearing on alpine structure, Sci., 
n. s., vol. 25, no. 652 (1907) p. 1010-1011. 
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two into one for the crumpled zone is assumed, and is fairly accurately 
portrayed. The whole mass to the left of B has moved forward from 
Ato B. All of the mass above the fault has also moved forward the 
same amount. At C, and beyond, however, the mass below the fault 
has not moved. The displacement on the base of the limestone is CD, 
which equals AB or BC. B, however, is the present position of the 
root of the fault. Hence, the displacement of the footwall at C equals 
the distance back to the root. Between B and C the displacement of 
the hanging wall is half of the distance from any point in it back to 
the root. If a shortening of three into one be assumed, the displace- 
ment of a given bed becomes twice the distance from its position in 
the footwall back to the root, and two thirds the distance to the root 
from its position in the hanging wall. Thus, a fault like the Bannock 
overthrust, with an observed displacement of more than thirty miles,” 
may only extend back below the surface a fraction of this distance, and 
the over-all dimension of the fault plane, measured across the strike, 
may only exceed the displacement by a small percentage of the latter’s 
value, provided the crumpling below the fault is sufficiently intense. 

This concept of a strut thrust reduces the apparent amount of short- 
ening of orogenic belts in which such faults occur. The actual short- 
ening is equal to that shown by the folding in the underlying block, 
or to the displacement on the fault plus any shortening due to folding 
in the block above it, and not to the sum of the two. 


FOLDING OF FAULT PLANE 


Folding of the fault plane of strut thrusts and underthrusts is a natu- 
ral consequence of unequal degrees of shortening of different parts of 
the mass below the fault. This causes unequal uplift of different sec- 
tions of the fault plane (Fig. 5). Such folding is, therefore, more 
to be expected than otherwise. It adds greatly to the chance of ex- 
posure of the fault at several points across the strike, which increases 
the opportunity for the determination of the displacement (Fig. 9). 


FAULTS DEVELOPED THROUGH BEDDING-PLANE SLIPPAGE 
HIGH-ANGLE SHEAR THRUSTS 


High-angle shear thrusts are common in incompetent beds overlying 
competent beds in synclines, as well as under the arch of competent 
anticlines. Figure 10 illustrates the fact that in the theoretical develop- 
ment of concentric folding, beds above or below the competent bed 
do not undergo an amount of shortening equal to that in the competent 


18 R. W. Richards and G. R. Mansfield: The Bannock overthrust, a major fault in southeastern 
Idaho and northeastern Utah, Jour. Geol., vol. 20, no. 8 (1912) p. 681-709. 
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bed. Measured along the bedding, CD is shorter than AB. By pos- 
tulate, the upper beds are incompetent to lift the load on the arch to 


Ficure 10.—Theoretical development of Ficure 11.—Development of high-angle 
concentric fold shear thrusts over competent fold 

Showing difference in degree of shortening Bending and bedding-plane slippage per- 

in competent and incompetent beds. mit the upward migration of excess mate- 


rial out of the syncline. 


form similar folds. They must, therefore, either shear or crumple. 
The compressive stress is concentrated above and deflected upward by 
the steeper portion of the limb of the competent anticline. The result 
is a localized shearing stress, oriented at a relatively high angle (Fig. 
11). Thus, shear planes are formed which develop displacement by 
the lengthening of the hanging wall through flexing and bedding-plane 
slippage. This displacement permits the upward thickening of the in- 
competent mass, and compensates for the unequal shortening of the 


Ficure 12.—Results of flexing and bedding-plane slippage 


Illustrating method by which the surface of a block in contact with a fault is (a) lengthened 
and (b) shortened by flexing and bedding-plane slippage. 


competent and incompetent beds. Such a fault originates over the 
steeper part of the limb, and grows both downward and upward. Unless 
it reaches the surface, displacement decreases upward over the axis by 
the lengthening of the footwall, or the fault may pass upward into a 
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secondary fold, and the shortening effected by it may be taken up in 
higher beds by the formation of similar faults above it. 
In asymmetrical folds, several such faults may form on the more 
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Ficure 13.—High-angle shear thrusts developed by folding 


In the Alberta foothills: (a) Section on the Elbow River near Bragg Creek; (b) section on 
the Ghost River north of Morley; (c) section of part of the Highwood uplift west of Longview. 


gently inclined limb. They are of common occurrence in the Alberta 
foothills belt. Some actual examples are shown in Figure 13. 
LOW-ANGLE SHEAR THRUSTS 

Low-angle shear thrusts, of somewhat the same type, may be devel- 
oped in front of step folds (true monoclines), as shown in Figure 14. 
The rise of the steep limb of the competent bed rotates the axis of the 
syncline forward, and compresses the incompetent beds in front of it. 
The compression increases upward from the foot of the fold in the 
competent bed to a maximum at its crest. A concentrated shearing 
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stress, oriented at a low angle, is thus set up, and one or more low-angle 
shear faults are developed, which originate near the level of the top 
of the fold in the competent bed, and grow downward toward the face 
of the fold and upward into the incompetent beds above. Displace- 
ment is produced by upward flexing of the beds above the fault, and 


| 


Ficure 14.—Low-angle shear thrust 


Developed by bedding-plane slippage in front of step-fold. Similar to those in Figure 1, 
but confined to one limb because of asymmetry of fold. 


the resultant bedding-plane slippage. It dies out downward, and pos- 
sibly upward, depending on local conditions. 

The formation of subsidiary anticlines in front of step folds, by the 
same process, is a recognized phenomenon. 

In the Alberta foothills the writer has seen such thrusts in incom- 
petent Cretaceous beds, in front of the faulted step fold which brings 
the competent Paleozoic beds of the main range of the Rockies above 
the level of the Cretaceous of the foothills. The faults are closely 
spaced, one above the other, and displacement increases upward and 
forward on them at a remarkable rate. 


SUMMARY 


1. An essential factor in the development of faults is variation of 
the amount of displacement parallel to the direction of movement as 
well as across it. 

2. This variation is achieved by the shortening or lengthening of one 
wall of the fault relative to the other. 

3. Observation of the relative shortening or lengthening of the two 
walls shows whether the displacement decreases downward, which indi- 
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cates that the observed section is not far from the root, or whether 
it decreases upward, which indicates that the fault may be or may once 
have been of limited upward extent. 

4. Faulting is the result of localization of shearing stress in a plane 
parallel to the direction of shear, caused either by variation in the 
intensity of stress or of the resistance which adjacent rock masses are 
capable of offering to it. 

5. Vertical variation or limitation of horizontal compressive stress 
produces low-angle overthrusts (basal shear planes) through concen- 
tration of shearing stress at the base of the compressed zone and devel- 
opment of displacement by shortening above this level, and low-angle 
underthrusts through concentration of shearing stress above the com- 
pressed zone and shortening below this level. 

6. Variation in resistance offered by different formations in a sedi- 
mentary series produces strut thrusts, through concentration of shear- 
ing stress at the base of a resistant stratum and shortening of the beds 
below. 

7. Basal shear planes are depressed through isostatic sinking of the 
thickened mass above them. Underthrusts and strut thrusts are raised 
by the thickening of the shortened mass below them; hence, the latter 
are far more apt to be exposed by erosion. This conclusion is borne 
out by observation. 

8. Underthrusts and strut thrusts are subject to folding of the fault 
plane by variations in the degree of shortening along the footwall, 
which results in differing amounts of uplift. 

9. Intense crumpling under strut thrusts may produce displacements 
approaching in amount the actual extent of the fault plane measured 
parallel to the direction of movement. 

10. Variations in competence of folded beds produce localized shear- 
ing stresses which result in both high-angle and low-angle thrust faults 
on which displacement develops through flexing of the beds combined 
with bedding-plane slippage. This process may produce lengthening, 
as well as shortening, of the walls of the fault. 

The foregoing are examples to illustrate the mechanism whereby 
faults develop and grow. Many other applications of these principles 
will, undoubtedly, suggest themselves to the reader, not only in regard 
to thrusts, but also in connection with every other type of fault. 
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Figure 1. Norruern Face oF THE QUARRY 
All intervals of the Dundee are shown with the exception of ‘25”’ (author’s section). 
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Figure 2. EASTERN FACE OF THE QUARRY 


DUNDEE-ANDERDON CONTACT IN SIBLEY QUARRY 
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INTRODUCTION 


STATEMENT OF THE PROBLEM 


The purpose of this paper is to describe the Dundee limestone in 
southeastern Michigan so that sections in other parts of the state may 
be compared, both as to stratigraphy and as to fauna, with that of the 
type area. The name, Dundee, is generally used to designate all lime- 
stone beds occupying a stratigraphic position between the Detroit River 


* Manuscript received by the Secretary of the Geological Society, April 11, 1934. 
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group, composed largely of dolomites, and the overlying shales and 
limestones, assigned to the Traverse group. As these limestones are not 
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Figure 1.—Areal distribution and location of Dundee limestone exposures 


of the same age in different parts of the state, the writer has made a 
careful study of the strata and the fauna of the type area. It is hoped 
that this information will help others in their work on the succession 
and the correlation of this formation. 
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STRATIGRAPHY OF THE DUNDEE LIMESTONE 
DISTRIBUTION 


The Dundee limestone of southeastern Michigan is at the surface or 
covered only by glacial drift, in a belt extending in a northeast-southwest 
direction through Wayne and Monroe counties, and thence southward 
along the boundary between Monroe and Lenawee counties. From 
Deerfield, in Lenawee County, south to the state line, through Monroe 
and Lenawee counties, the formation is restricted to a narrow belt hav- 
ing a nearly north-south strike. This narrow distribution is due largely 
to the relatively high westward dip of a monocline and, in lesser degree, 
to the thinning of tne formation to the south. Northeast of Deerfield 
the strata have a low dip, which results in the wider areal distribution 
of the formation (Fig. 1). 


PREVIOUS CLASSIFICATION 


The strata now designated Dundee and the underlying dolomites were 
noted in 1838 by Douglass Houghton’ in the bed of the Raisin River 
at Dundee, Monguagon, and Amherstburg. Bela Hubbard, who assisted 
Houghton in the study of the geology of Michigan, discussed these 
strata in 1839,? and in 1840 * he expressed the opinion that they were 
equivalent in position to the “cliff limestone” of Indiana. In 1861, 
Alexander Winchell‘ assigned them to the Upper Helderberg. Carl 
Rominger * described the Dundee strata of the Trenton (Sibley) and 
the Macon Creek (Christiancy) quarries, and included them in his 
“Helderberg Group.” The term, Dundee Limestone, was used first in 


1 Douglass Houghton: Report of State Geologist, Michigan Legislature, House Doc. no. 24 
(1838) p. 281-283; G. N. Fuller: Geological reports of Douglass Houghton, Mich. Hist. Comm., 
Lansing (1928) p. 103. 

2 Bela Hubbard: Report of Bela Hubbard in Second Annual Report of the State Geologist, 
Michigan Legislature, Senate Doc. no. 12 (1839) p. 361-362, 376, 378; G. N. Fuller: Geological 
reports of Douglass Houghton, Mich. Hist. Comm., Lansing (1928) p. 298-289, 318, 320-321. 

3 Bela Hubbard: Report of Bela Hubbard in Third Annual Repor. of the State Geologist, 
Michigan Legislature, Senate Doc. vol. 2, no. 7 (1840) p. 124; G. N. Fuller: Geological reports 
of Douglass Houghton, Mich. Hist. Comm., Lansing (1928) p. 445. 

4 Alexander Winchell: First biennial report of the progress of the Geological Survey of Michigan, 
Lansing (1861) p. 62. 

5 Carl Rominger: Lower Peninsula, Mich. Geol. Surv., vol. 3, pt. 1 (1876) p. 24. 
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1895 by A. C. Lane,® who stated that it was nearly equivalent to the 
Corniferous or Upper Helderberg. Since this date, geologists have 
followed Lane in using the name, Dundee. 


DESCRIPTION OF SECTIONS 


Sibley quarry.—About seventy feet of Dundee limestone are exposed 
in the Solvay Process Company’s quarry at Sibley, about two miles 
north of Trenton, Wayne County, Michigan. The lowest beds of the 
Dundee in this quarry rest on the Anderdon limestone of the Detroit 
River group; the uppermost beds of the Dundee have been removed by 
pre-glacial and glacial erosion. 

In his description of the section of Sibley quarry, given below, 
Sherzer’ did not separate the Dundee limestone from the Anderdon 
limestone. 

Sherzer’s Sibley Quarry section 


Glacial drift 
Dundee Feet Inches 
A. Limestone, yellow, brown to gray; thin-bedded, very fossilif- 
B. Limestone, thin-bedded, gray to bluish.................. 7 0 
C. Limestone, compact, gray, rich in fossils................. 2 0 
D. Limestone, compact, crystalline, bluish where unweathered.. 5 0 
E. Limestone, compact, gray to blue, fossil fragments abundant 6 0 
F. Chert, brittle, bluish gray, some fossils.................. 1 2 
G. Limestone, gray to bluish, more heavily bedded........... 6 0 
H. Chert, very brittle, impure, some fossils.................. 2 0 
I. Limestone, compact, heavily bedded, blue to gray......... 9 0 
J. Limestone, magnesian; similar to I but oily and fewer fossils 6 0 
K. Limestone, gray, thin-bedded, fossiliferous............... 8 0 
L. Limestone, magnesian, light to dark gray, fossiliferous. 
M. Limestone, siliceous, thin-bedded, firm, poor in fossils... . . 7 0 
77 2 


The writer’s description of the Sibley Quarry section, given below, 
notes the contact between the Dundee and the Anderdon limestones, and 
shows the presence of beds below those exposed at the time of Sherzer’s 
study (PI. 33). 


A. C. Lane: The geology of lower Michigan with reference to deep borings, Mich. Geol. Surv., 
vol. 5, pt. 2 (1895) p. 25-26. 

7W. H. Sherzer: Geological report on Wayne County, Michigan, Mich. Geol. and Biol. Surv., 
Publ. 12, geol. ser. 9 (1913) p. 202. 
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Section of strata exposed at Sibley Quarry 


Glacial drift 
Dundee limestone 


25. 


21. 


19. 


18. 


az. 


16. 


Limestone, coarsely crystalline, light-gray to grayish-white 
to light buff-gray, becoming darker and more finely crys- 
talline toward the top. Paracyclas elliptica Hall and Sp- 
rifer lucasensis Stauffer are common in this interval. ..... 


. Limestone, finely crystalline, gray, weathering to buff. 


Lower part contains much chert, which is often laminated. 
On the west side of the quarry the top of this bed forms 
the present upper floor level. Many fossils are present, 
the more characteristic being Favosites hemispherica 
(Troost), Atrypa elegans (Grabau), and Atrypa elegans 


. Limestone, granular with coarse coquina bands, buff-gray. 


Either this interval or interval 21 below contains the pele- 
cypod Actinodesma occidentale (Hall) which is also found 
in the exposure along Macon Creek..................... 


. Limestone, finely crystalline, buff-gray, containing bands of 


chert and chert nodules arranged in bands. Fossiliferous 
Limestone, coarsely crystalline, grayish-white. Two feet 
above the base is a zone of Cyrtina, from one to two inches 
in thickness; at some places in the quarry this zone is 
absent as the result of styliolitic action. Very fossiliferous 


. Limestone, finely crystalline, gray, having a lumpy appear- 


ance when broken. Contains many small and well-pre- 
Limestone, coarsely crystalline, similar to interval 18 but 
Limestone, finely crystalline, light buff-gray, with numerous 
small black specks. Small chert nodules scattered in the 
lower 114 feet; styliolites abundant in the upper and the 
lower parts. Fossils 
Limestone, medium coarsely crystalline, finer than interval 
16, light pinkish to buff-gray; minute circular areas of 
crystalline calcite in the lower 22 inches; lower 41 inches 
somewhat more finely crystalline and more buff than 
above. At points, 22, 29, and 39 inches above the base, are 
layers of chert nodules. The limestone above the chert is 
light gray and contains numerous dissociated columnals 
of crinoids, which stand out in relief on the weathered 
surface of the rock. This limestone is massive in some 
places, and in others breaks up into a number of thick 
beds. The upper 1 foot 7 inches of this limestone is light 
gray and contains numerous shells of fossils. Very fos- 
Limestone, coarsely crystalline, gray, somewhat finer than 
below, and containing fewer fossils than interval 15...... 
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Feet Inches 

15. Limestone, coarse grained in upper and lower parts, finer 

grained in middle part; buff-gray in color. Coarse-grained 

parts are fossiliferous coquina limestone. The presence 

of many dissociated columnals of crinoids gives the sur- 

face of the limestone a rough appearance. The upper 

part contains many shells of Rhipidomella variabilis Gra- 

bau, cup corals, and Favosites hemisphericus (Troost). 

In the lower part, shells of Stropheodonta are more abun- 

dant than those of Rhipidomella. The basal six inches of 

the interval is full of frosted quartz grains, which are 

sometimes concentrated in shallow depressions in the top 

of the underlying Anderdon limestone. This arenaceous 

band at the base of the interval is the basal sandstone of 

the Dundee limestone. Distantly spaced chert nodules 

are present a short distance above and below the juncture 

of the lower coarse and the middle finer grained parts.... 10 2 


Anderdon limestone 

14. Limestone, finely crystalline, light gray, generally unfossilif- 

erous, but in some places a few impressions of a minute 

gastropod are found near the top of the bed.............. 2 4 
13. Limestone, finer grained in lower and upper parts; coarser 

grained, with some frosted sand grains, in the middle part; 

buff in color. Many carbonaceous laminae in the upper 

and the lower parts. Unfossiliferous.................... 4 0 
12. Limestone, finely crystalline, dark gray, from two to eight 

inches in thickness, containing small disseminated crystals 

11. Limestone, fine grained, light gray, unfossiliferous...... ... 4 0 
10. Limestone, granular, dark buff at base to light buff-gray at 

top. Lowest three inches contains many carbonaceous 

laminae. Above this is a band, three to four inches in 

thickness, which contains molds of several species of pele- 

cypods and small gastropods and a few species of brachio- 

pods and cephalopods. These species are present in the 

rock above and below, but are less abundant. Most of 

the interval is characterized by digitate Favosites, and 

hemispherical and explanate stromatoporoids, in such 

abundance as to form a biostrome. A small, coarsely 

plicate Atrypa is fairly common in this biostrome........ 5 0 
9. Limestone, granular, buff, composed of finely comminuted 

shells, locally cross-bedded in lower part. Contains many 

sand grains, especially in the cross-bedded part. Unfos- 


8. Limestone, fine grained, light buff with numerous carbo- 
naceous laminae. Unfossiliferous....................... 3 


7. Limestone, fine grained, gray-buff, separated into linear and 
wavy laminae by thin films of carbonaceous matter. 
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Feet Inches 
Upper three inches has small areas of dark gray limestone, 
some of which simulate pebbles. Many styliolites are 
? Flat Rock dolomite 

6. Dolomite, finely crystalline, light buff, banded in light and 
dark shades of this color. Upper four inches has irregular, 
gray bands which are broken into angular fragments...... 1 3 


FLOOR OF QUARRY 


(Intervals 1 to 5 exposed in old pump-hole.) 


5. Limestone, magnesian, fine grained, light buff-gray, on 
weathering shows layers one-half to four inches in thick- 
ness. Contains many small, irregular masses of calcite. 
Styliolites present. Unfossiliferous...................... 1 0 
4. Limestone, magnesian, coarser grained than 3, buff, with 
laminae of lighter and darker shades. Locally, the laminae 
are bent and fractured. Contains irregular masses of crys- 


talline calcite. Unfossiliferous.......................... 4 0 
3. Dolomite, exceedingly fine grained, light gray, on weathering 
shows mottling of pink or black. Unfossiliferous......... 6 


2. Dolomite, fine grained, laminated, light to dark buff, with 
irregular shaped masses of calcite. Angular fragments of 


dolomite locally present in middle of bed. Unfossiliferous. 3 0 

1. Limestone, magnesian, fine grained, dark to light buff, with 
some calcite geodes. Base below bottom of pump-hole.. 1 6 
105 


A comparison of this section with that of Sherzer shows that Sherzer’s 
interval M, which he considered as a part of the Dundee limestone, 
includes intervals 12, 13, and 14, which the present writer considers as 
belonging to the Anderdon. Sherzer’s intervals J to F agree fairly well 
with 18 to 24 of the writer’s section. It is obvious, therefore, that the 
two sections are much in agreement; the only major difference is the 
writer’s assignment of Sherzer’s interval M to the Anderdon and the 
consequent placing of the base of the Dundee at the base of Sherzer’s 
interval L. 

In the writer’s section, 70 feet 5 inches of strata are assigned to the 
Dundee, 23 feet 9 inches to the Anderdon, and 11 feet 3 inches doubt- 
fully to the Flat Rock. The assignment of the strata to the Dundee is 
based on the writer’s study of the fauna. The beds included in the 
Anderdon contain a fauna distinct from that of the Dundee and related 
to the faunas of the Detroit River group. Although the beds designated 
as Anderdon have an appearance somewhat different from the Anderdon 
strata of the type locality, near Amherstburg, Ontario, the presence of 
the stromatoporoid-coral biostrome with the arenaceous beds both 
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above and below, in the Sibley quarry beds, and the similarity in thick- 
ness of these beds and the typical Anderdon have led the writer to agree 
with Nattress,* Sherzer and Grabau,® and Sherzer,’° in believing that 
the beds below the Dundee at Sibley are equivalent to the Anderdon of 
the type locality. The lowest beds of the Sibley quarry are not Ander- 
don and are provisionally assigned to the Flat Rock dolomite, because 
this dolomite is said by Sherzer and Grabau ™ to underlie the Anderdon. 


Christiancy, or Macon, quarry.—The Christiancy, or Macon, quarry 
is on the Bullock farm, in the floodplain of Macon Creek, about thirty 
miles southwest of Sibley Quarry and about two miles northeast of 
Dundee. The old quarry is largely filled, only the upper beds being 
visible. Lower beds are exposed along the stream, where the channel 
has been deepened for drainage purposes. Sherzer?* described the 
rocks of the old quarry. This description, arranged in tabular form, 
is given below: 


Glacial drift Sherzer’s Christiancy Quarry section 


Dundee Feet 
A. Limestone, rich, gray, abounding in fossils; relatively soft, glistens 
with cleavage faces of calcite, more or less thin bedded, and more 

B. Limestone, compact, brownish, becoming bluish on weathering; 
nearly without seam or divided into thick beds. Large fossils 
are not so abundant as above and the cleavage faces are smaller. 
The rock gives a strong bituminous odor and drops of oil are 
occasionally seen in fresh specimens. Toward the bottom the 
bed becomes somewhat cherty and in places there is interposed 
between this bed and the underlying bed C a seam of impure 
chert, varying in thickness from one to two inches. At the 
same horizon there is also to be seen in places a one-inch seam 


of blue clay, more or less charged with sand..................... 4414 
C. Limestone, soft, dark gray, either without seam or very heavily 
D. Limestone, similar to above, higher in CaCOs.................... 8 
20-2214 


8 Thomas Nattress: The extent of the Anderdon beds of Essex County, Ontario, and their place 
in the geological column, Mich. Acad. Sci., 13th Rept. (1911) p. 49; Additional notes on the geology 
of the Detroit River area, Mich. Acad. Sci., 14th Rept. (1912) p. 109-110. 

® A. W. Grabau and W. H. Sherzer: The Monroe formation of southern Michigan and adjoining 
regions, Mich. Geol. and Biol. Surv., Publ. 2, geol. ser. 1 (1910) p. 46-47. 

10 W. H. Sherzer: Geological report on Wayne County, Michigan, Mich. Geol. and Biol. Surv., 
Publ. 12, geol. ser. 9 (1913) p. 200-201. 

11 A. W. Grabau and W. H. Sherzer: op. cit., p. 41, 46. 

12. W. H. Scherzer: Geological report on Monroe County, Michigan, Mich. Geol. Surv., vol. 7, 
pt. 1 (1900) p. 75. 
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Correlation ** of the beds of this quarry with the strata at Sibley 
quarry is shown below: 


Christiancy Quarry Sibley Quarry Sibley Quarry 
(Sherzer’s section) (Sherzer’s section) (Author's section) 
Bed A Bed D Bed 25 (in part) 
Bed B Bed E Bed 25 (in part) 
Impure chert Bed F ; Bed 24 
Bed C Bed G Bed 23 
Absent Bed H Bed 22 
Bed D Bed I Bed 21 


Dundee, or Pulver, quarry—The Dundee, or Pulver, quarry is on 
the north bank of the Raisin River, back of the National Hotel in the 
village of Dundee, Michigan. It has been filled with water for over 
thirty years, and its strata were never seen and described by a geologist. 
From information given by Horace Pulver, the owner, and men who had 
worked for him, Sherzer’s description ** of the beds, tabulated by the 
present writer, is as follows: 


Glacial drift 
Dundee Feet Inches 
A. Limestone, rich, gray, impregnated with oil and full of fossils 2 6 


B. Limestone, grayish brown having a bluish color on weather- 
ing, sparsely fossiliferous. Upper 15 inches irregularly 


C. Limestone, dark brown, bituminous; becomes cherty in the 


Chert, light gray with brown streaks, impregnated with black 
oil; a discontinuous seam carrying silicified fossils......... 
D. Limestone, bluish, becoming lighter colored toward the base 5 0 


18 6 


Sherzer *° pointed out the probable relationships of the beds of this 
quarry to those exposed in the Christiancy quarry on Macon Creek. He 
thought that Bed A resembled Bed A of the Christiancy quarry, and 
that Bed B was apparently identical with Bed B of this quarry. The 
light gray chert with silicified fossils, which, according to Sherzer, oc- 
cupies a position between intervals C and D of the Pulver quarry, was 
thought by Sherzer “to mark the same horizon as the similar seam in 
the Macon quarry and hence that Bed B there (Macon quarry) is the 
equivalent of Bed C in this (Pulver) quarry.” 


13 W. H. Sherzer: Geological report on Wayne County, Michigan, Mich. Geol. and Biol. Surv., 
Publ. 12, geol. ser. 9 (1913) p. 202. 

16 W. H. Sherzer: Geological report on Monroe County, Michigan, Mich. Geol. Surv., vol. 7, 
pt. 1 (1900) p. 77. 

18 Ibid. 
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Shafts at Oakwood, Michigan.—The shafts of the Detroit Rock Salt 
Company’s mine are in Oakwood, a small Detroit suburb, about one 
mile northwest of River Rouge (Fig. 1). The strata encountered in 
sinking the first shaft were studied by Sherzer,1* who noted the presence 
of the Dundee and underlying formations as shown in the section below. 


Feet 
Dundee: high-grade limestone with some chert nodules..................... 63 
Lucas: bluish 19 brownish-gray dolomite, much of it finely laminated, with 
streaks of asphaltum. Small amount of gypsum. Poor in fossils......... 170 
Amherstburg: brownish laminated dolomite.....................00.c0eeeeee 19 
Anderdon: high-grade limestone, rich in fossils. Some celestite.............. 38 
Flat Rock: dark drab dolomite with few casts and molds of fossils. Some 
420 


Sylvania and lower formations omitted. 


In 1923 the Dundee limestone was exposed in a second shaft, put 
down by the salt company in close proximity to the first shaft. G. M. 
Ehlers, of the University of Michigan, collected several fossils from this 
limestone, which the writer has identified as follows: 

Cyathophyllum dundeense Grabau Atrypa elegans (Grabau) 
Rhipidomella variabilis Grabau Spirifer sp. 

Stropheodonta sp. cf. S. concava (Hall) Cyrtina sp. 

Stropheodonta aff. demissa (Conrad) Conocardium subtrigonale d’Orbigny 


Leptostrophia perplana (Conrad) Platyceras sp. 
Chonetes maconensis Bassett, n. sp. Proetus crassimarginatus Hall 
Pentamerella sp. Proetus planimarginatus Meek 


Atrypa costata Bassett, n. sp. 


Shore shaft of new water intake tunnel at Detroit—The Dundee 
limestone was encountered, 1928 to 1930, during the construction of a 
new water intake tunnel at Detroit. A shaft was sunk near the bank 
of the Detroit River, at Waterworks Park. After reaching the Dundee 
limestone a tunnel was driven horizontally within it to a point beneath 
the Detroit River near the head of Belle Isle. 

Ehlers collected information from this tunnel, and his unpublished 
description of the strata is given below. 


Feet Inches 
Glacial drift 
13. Clay, blue, with small pebbles and some patches of sand..... 82 0 


12. Clay (“hard pan” of engineers), stiff, bluish-gray, arenaceous, 
with numerous small pebbles and a few boulders. Spirifer — 


36 W. H. Sherzer: Geological report on Wayne County, Michigan, Mich. Geol. and Biol. Surv., 
Publ. 12, geol. ser. 9 (1918) fig. 21. 
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bownockeri Stewart and a few other fossils, characteristic 
of Silica shale of Ohio found in clay..................... 
11. Clay, blue, with many blocks of limestone and a few boulders 
of igneous and metamorphic rocks. Numerous blocks, of 
bluish-gray, argillaceous limestone with Silica shale fossils, 
are present, especially nearer the base of the interval. 
These blocks were derived from thin layers of limestone 
within a bluish-gray shale. This shale, which rested on 
the shale of interval 10, was reduced to a clay by weather- 
ing, prior to the advent of the Wisconsin glacier; shearing 
planes in the clay indicate that the glacier squeezed this 


Hamilton group (possibly downward extension of Silica shale of Ohio) 
10. Shale, bluish-gray, with scattered crystals of pyrite and a few 
remains of Chonetes and ostracods...................... 

9. Shale, bluish-gray, with numerous disseminated crystals of 
pyrite. Numerous specimens of Spirifer mucronatus (Con- 

rad) var., Chonetes, and Phacops sp—very similar to, or 
identical with, P. rana var. milleri Stewart............... 

8. Shale, bluish-gray, with scattered crystals of pyrite and 
a few small lenses (1 to 2 inches in thickness) of this 
mineral. Shale has a few oblique joints and a splintery 
fracture, tending to be parallel to the bedding........... 

7. Shale, bluish-gray, with numerous disseminated crystals of 
pyrite. Remains of Spirifer mucronatus (Conrad) var., 
Leptostrophia perplana (Conrad), and ostracods in abun- 
dance. Cranidia and pygidia of Phacops present......... 

6. Shale, bluish-gray, with scattered crystals of pyrite. Nodules 
of finely crystalline pyrite, 1 to 4 inches in length and one- 

half to 1 inch in thickness, are present in a band about 4 

feet below top of interval. The lower part of this interval 
contains numerous remains of Tropidoleptus carinatus 
typicalis Williams and many other fossils of Hamilton rela- 
tionships, noted by G. M. Ehlers and Mary E. Cooley”. . 

5. Limestone, massive, crystalline, bluish-gray, containing sim- 
ple corals, Atrypa sp., and Tropidoleptus carinatus Conrad 

4, Limestone, crystalline, dark bluish-gray, crumbly, with some 
argillaceous bands and hydrogen sulphide-bearing water. . 


Dundee limestone 
3. Limestone, massive, crystalline, buff, and fossiliferous, espe- 
2. Limestone, massive, crystalline, bluish-gray to buff-gray, and 
1. Limestone, massive, crystalline, gray to buff-gray, and fossil- 


+ 


19 
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Feet Inches 


0 


10 


17G. M. Ehlers and M. E. Cooley: Discovery of a Hamilton fauna in southeastern Michigan, 


Univ. Michigan, Contr. Mus. Paleont., vol. 2, no. 13 (1927) p. 231-236. 
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A few fossils, collected from the Dundee limestone at this locality by 
Ehlers, have been identified by the writer as follows: 


Prismatophyllum sp. Spirifer sp. 

Stropheodonta aff. demissa (Conrad) ?Centronella sp. 

Leptostrophia perplana (Conrad) Conocaridum subtrigonale d’Orbigny 
Pholidostrophia iowaensis (Owen) Paracyclas elliptica Hall 

Chonetes sibleyensis Bassett, n. sp. Platyceras ‘sp. 

Productella spinulicosta Hall Bellerophon sp. 

?Etheridgina spinosa Bassett, n. sp. Poterioceras sp. 

Atrypa costata Bassett, n. sp. Proetus planimarginatus Meek 


Spirifer lucasensis Stauffer 
STRATIGRAPHIC BOUNDARIES OF THE DUNDEE LIMESTONE 


Thus, the Dundee rests disconformably on the Anderdon limestone 
of the Detroit River group, except in the Oakwood salt shaft, and is 
overlain by a bluish-gray limestone of the Hamilton group. 

According to Sherzer and Grabau,'* the Dundee limestone rests on 
different members of the Detroit River group. The writer has examined 
the evidence cited by them for this unconformity and is not wholly in 
agreement. Several problems must be solved before a complete state- 
ment can be made regarding the beds which lie immediately below the 
Dundee limestone in southeastern Michigan and adjoining areas. 


THICKNESS OF THE DUNDEE LIMESTONE 


All of the strata of the Dundee are not exposed at any one place in 
southeastern Michigan. The greatest exposed thickness of Dundee 
strata, 70 feet 5 inches, is at Sibley quarry, where the base of the forma- 
tion may be seen in contact with the Anderdon limestone. Although 
the complete thickness of the Dundee is not exposed in Sibley quarry, 
it is probable that the highest beds present are near the top of the 
formation, for the uppermost strata are lithologically similar to the 
Dundee beds underlying the blue limestone strata of the Hamilton 
group in the shore shaft of the new water intake tunnel. Probably the 
highest strata at Sibley are a continuation of the highest beds of the 
Dundee of the shore shaft, for the beds at both places are characterized 
by an abundance of Spirifer lucasensis Stauffer, Chonetes sibleyensis 
Bassett, n. sp., Atrypa costata Bassett, n. sp., and Proetus planimar- 
ginatus Meek. 

The Dundee limestone becomes thinner in passing southward from 
the Sibley quarry region to Lucas County, Ohio, for certain beds of 
the Columbus, which are a continuation of the Dundee limestone, are 


18 A. W. Grabau and W. H. Sherzer: The Monroe formation of southern Michigan and adjoining 
regions, Mich. Geol. and Biol. Surv., Publ. 2, geol. ser. 1 (1910) p. 54. 


cfs 
- 
bey 


STRATIGRAPHY OF THE DUNDEE LIMESTONE 437 


only 20 feet thick where exposed in the quarries near Silica, Ohio. This 
thinning is not indicated by the records of a few wells drilled for oil 
in southwestern Monroe and southeastern Lenawee counties, on file in 
the office of the Michigan Geological Survey, because these records 
include higher and lower beds with the Dundee. 


CORRELATION OF THE DUNDEE LIMESTONE 


General statement.—The Dundee limestone of southeastern Michigan 
is lithologically and paleontologically (Table I) similar to a part of 
the Columbus limestone of the Silica and the Whitehouse quarries in 
Lucas County, Ohio, and the upper part of the Onondaga of the Bruner 
Mond Canada, Ltd., quarry at Amherstburg, Ontario. 


Silica quarry.—The Silica quarry is operated by the Sandusky Cement 
Company at Silica, Ohio, about 20 miles southwest of Dundee, Michi- 
gan (Fig. 1). Carman’s unpublished section of the strata exposed in 
this quarry is as follows: 


“Blue limestone” Feet Inches 
12. Limestone, blue, argillaceous, becoming shaly at top and 
bottom. Many fossils: Atrypa reticularis, simple corals, 
11. Limestone, blue, crystalline, argillaceous (top of west face of 
quarry). Fossils: Prismatophyllum davidsoni, Ceratopora 
flabellata, Cladopora roemeri, Cystiphyllum vesiculosum, 
Favosites hamiltonae, F. hemispherica, F. limitaris, F. 
radiciformis, Heliophyllum halli, Stromatopora nodulata, 
Atrypa reticularis, Cyrtina alpenensis, C’. umbonata, Del- 


thyris consobrina, Spirifer marcyt..............-.6000005 4 0 
10. Limestone, shaly, weathering to clay, with thin partings of 


9. Limestone, firm, blue, finely crystalline, weathers brown. 
Fossils: Prismatophyllum davidsoni, Cladopora roemeri, 
Favosites hemispherica, F. limitaris, F. placenta, Zaphren- 
tis simplex, Stromatopora nodulata, Atrypa reticularis, 
Cyrtina alpenensis, C. umbonata, Delthyris consobrina, 
Spirifer audaculus, S. pennatus, Stropheodonta concava, 


8. Limestone, blue-gray to brown-gray, crystalline, Favosites 
and some large Chonetes coronatus at base.............. 0 10 


7. Limestone, blue-gray, crystalline. Upper part contains Cho- 
netes coronatus. Other fossils: Favosites hemispherica, 
Idiostroma sp., Atrypa reticularis, Chonetes coronatus, 
Spirifer audaculus, S. marcyi, Stropheodonta hemisphe- 
rica (?), S. perplana, Tropidoleptus carinatus, Paracyclas 


438 C. F. BASSETT—DUNDEE LIMESTONE OF MICHIGAN 


“Upper Columbus” Feet Inches 


6. Limestone, blue or blue-gray, crystalline, in beds of 4 to 12 

inches, with many fossils: Productella spinulicosta most 

characteristic; Cyrtina umbonata commonly abundant in 

lower and upper part of zone; Monotrypa-like bryozoan, 

Atrypa reticularis, A. spinosa, Prismatophyllum davidsoni, 

Favosites sp., Spirifer lucasensis, S. manni, Cyrtina alpe- 

nensis, C. umbonata, Productella spinulicosta, Stropheo- 

5. Limestone, blue-gray to brown-gray, compact, with few fos- 

sils: Paracyclas elliptica most characteristic, Cyrtina sp. 

4. Limestone, gray, crystalline, many fossils. Frond bryozoa 

most characteristic. Certain layers in upper part filled 

with Cyrtina, Favosites sp., Ilionia sp., Conocardium 

3. Limestone, blue-gray to brown-gray, firm, crystalline, in lay- 

ers 6 to 12 inches. Some fossils, including lenses of 

Cyrtina, in upper 2 feet. Atrypa spinosa, small Conocar- 

2. Limestone, brown-gray to brown, soft, crystalline, fossilif- 

erous: Protozoa, Favosites sp., frond bryozoa, Cyrtina 


umbonata, Conocardium cuneus, Stropheodonta sp....... 3 6 

“Lower Columbus” 
1. Dolomite, brown, even textured, in beds 1 to 3 feet......... 5 6 


The terms, “Lower Columbus,” “Upper Columbus,” and “Blue lime- 
stone,” of the above section are terms used by Carman as a convenient 
method of separating these stratigraphic units in the field. 

The correlation of the “Upper Columbus” limestone of this quarry 
with the Dundee limestone of southeastern Michigan is justified by the 
similarity of the faunas as shown in Table I. 


Whitehouse quarry.—The quarry, worked by the Whitehouse Stone 
Company, just east of the town of Whitehouse, Ohio, is about eleven 
miles south, and a little west, of the Silica quarry (Fig. 1). Carman’s 
unpublished description of the rocks of this quarry is as follows: 


“Blue limestone” Feet Inches 
12. Limestone, firm, dark-gray, compact, finely crystalline layer 


Prismatophyllum davidsoni, Cladopora roemeri, Cysti- 
phyllum vesiculosum, Favosites hemispherica, F. limitaris, 
Zaphrentis simplex, Z. prolifica (?), Monotrypa sp., 
Atrypa reticularis, Stropheodonta perplana. 
11. Limestone, dark gray, finely crystalline, breaking into layers 
of 1 to 2 inches. Chonetes coronatus in abundance....... 0 7 
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Prismatophyllum davidsoni, Cladopora roemeri, Favosites 
hemispherica, Idiostroma sp., Atrypa reticularis, Chonetes 
coronatus, Stropheodonta hemispherica, Conocardium 
cuneus. 

“Upper Columbus” 

10. Limestone, dark-gray, slightly argillaceous, crystalline, 
breaks to uneven, lenticular slabs 1 to 2 inches thick. At 
places, very fossiliferous. Zone 8 of Stauffer’s section.... 
Prismatophyllum davidsoni, Favosites hemispherica, 
Atrypa reticularis, A. spinosa, Cyrtina umbonata, Spirifer 
lucasensis, Stropheodonta hemispherica, Conocardium cu- 
neus, Paracyclas elliptica. 

9. Limestone, blue-gray to blue, dense. Only a few fossils. 
Atrypa reticularis, A. spinosa, Spirifer lucasensis, Stropheo- 
donta hemispherica, Paracyclas elliptica. 

8. Limestone, blue-gray, with Cyrtina uwmbonata abundant. 
Cyrtina umbonata, Productella spinulicosta, Spirifer luca- 
sensis, Stropheodonta hemispherica, Conocardium cuneus. 

7. Limestone, gray to blue-gray, crystalline, fossiliferous. Cyr- 
tina umbonata present in upper 1% feet. Zone 5 of Stauf- 
fer and lowest zone of “Upper Columbus”............... 
Zaphrentis cornicula, Z. gigantea, Stromatopora ponderosa, 
Atrypa reticularis, A. spinosa, Cyrtina umbonata, Produc- 
tella spinulicosta, Spirifer griert (?), Stropheodonta de- 
missa, S. hemispherica, Conocardium cuneus, Paracyclas 
elliptica, Callonema lichas, Pleurotomaria lucina, Ortho- 
ceras sp., Poterioceras sp. 

“Lower Columbus” 

6. Limestone, brown-gray, minutely crystalline; in uneven beds, 
4 to 12 inches in thickness. A few fossils, of which Tenta- 
culites is most characteristic. Zones 3 and 4 of Stauffer. . 

5. Limestone, brown-gray, finely crystalline; in uneven beds 
of 6 to 12 inches in thickness. Contains several lenses 
of white chert and at places a 4-inch layer at base. Zone 

4, Limestone, brown-gray, finely crystalline, in massive ledge. 
At places, contains chert nodules which weather out, leav- 


3. Limestone, brown-gray, grainy; central part of zone contains 
chalky chert nodules in abundance, which have weathered 
2. Limestone, dolomitic, brownish-gray to brown, slightly 
banded, grainy, crystalline. Upper 5% feet, in massive 
ledge below which are ledges 2 to 3 feet thick, which break 
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Taste I—Distribution of Dundee fossils in southeastern Michigan and in the Columbus or 
“Upper Columbus” of the Silica and the Whitehouse quarries, Ohio, and the 
Onondaga, of Amherstburg, Ontario 


Genera and Species 


curre 
(x-Collected by writer; c-Reported by Carman; 
s-Listed by Stauffer; ?-Doubtfully present in interval indicated) 


Sibley Quarry 


Intervals 


Unknown 


18 


19 


20 


21 


24 


25 


Christiancy 


Silica 


Whitehouse 


Amherstburg 


PORIFERA 


Astraeospongia sp. 


ANTHOZOA 


Cystiphyllum sp. 


Eridophyllum archiaci (Billings) 


F ites hemisphericus (Troost) 


Heliophyllum sp. cf. H. halli Edwards and Haime 


Heliophyllum sp. 


Heterophrentis prolifica (Billings) 


Pinnatophyllum dundeense Grabau 


Prismatophyllum sp similar to P. anna (Whitfield) 


BLASTOIDEA 


Nucleocrinus sp. cf. N. verneuili (Troost) 


BRYOZOA 


Cystodictya gilberti (Meek) 


BRACHIOPODA 


Athyris sp. 


Atrypa costata Bassett, n. sp. 


Atrypa ehlersi Bassett, n. sp. 


Atrypa elegans (Grabau) 


Atrypa elegans var. gibbosa Bassett, n. var. 


Camarotoechia nitida Kindle 


Chonetes maconensis Bassett, n. sp. 


Chonetes sibleyensis Bassett, n. sp. 


Cyrtina hoffmeisteri Bassett, n. sp. 


Douvillina inequistriata (Conrad) 


Etheridgina? spinosa Bassett, n. sp. 


Lept rhomboidalis (Wilckens) 


Leptostrophia perplana (Conrad) 


Pentamerella parva Bassett, n. sp. 


Pentamerella sp. 


Pholidops neali Bassett, n. sp. 


Pholidostrophia iowaensis (Owen) 


Productella spinulicosta Hall 


Rhipidomella variabilis Grabau 


Schizophoria foleyi Bassett, n. sp. 


* 
|x| | | | | | | | | | 
| Tx] | | [x] 
| | isi | x 
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(x-Collected_ by by Carman; 
s-Listed by Stauffer; ?-Doubtfully present in interval indicated 
Genera and Species ae 
Intervals 
>) 
2/3 
15] 16] 17] 18] 19 | 20] 21 | 22] 23] 24) 25/0 | a] 
Spirifer divaricatus Hall x x x 
Spirifer sp. aff. S. grieri Hall x e 
Spirifer lucasensis Stauffer x x ae 
Spirifer manni Hall x 
Stropheodonta sp. aff. S. concava (Hall) x x 8 
Stropheodonta sp. aff. S. demissa (Conrad) x £izsiszis 
Stropheodonta sp. aff. S. hemispherica Hall x x/xi/s 
Stropheodonta patersoni Hall x 
LAMELLIBRANCHIATA 
Actinod identale (Hall) x ? ? x 8 
Conocardium subtrigonale d'Orbigny x x/x/s 
Panenka sp. aff. P. grandis Whiteaves x { 
Paracyclas elliptica Hall Sivizizie 
Pterinea flabellum (Conrad) x s|8 
GASTROPODA 
Bellerophon sp. cf. B. pelops Hall z ! 
Hormotoma? sp. x 
Platyceras sp. cf. P. attenuatum Hall ¥ 
Platyceras bradleyi Bassett, n. sp. x j 
Platyceras carinatum Hall x 2 8 
Platyceras dumosum Conrad x 
Platyceras keoughi Bassett, n. sp. x x 
Platyceras knappi Bassett, n. sp. x 
CONULARIDA 
Coleolus sp. cf. C. crenatocinctus Hall * 8 i 
Tentaculites sp. cf. T. bellulus Hall x x 
Tentaculites scalariformis Hall x x ae s|s 
CEPHALOPODA 
Centroceras ohioense (Meek) x 
Poterioceras amphora (Whitfield) x i 
CRUSTACEA 
Chasmops calypso Hall and Clarke x 
Coronura denticulatus (Conrad) x ? 
Phacops sp. x zi 
Proetus crassimarginatus Hall x x x x 8 
Proetus planimarginatus Meek x x is x x/x | 
Proetus sp. x 


+ 
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The “Lower Columbus” rests disconformably on the Lucas dolomite, 
which is noted in interval 1 in Carman’s section. The detailed descrip- 
tion of this interval is omitted in the above section. 

In this quarry there is no lithologic change between the “Upper 
Columbus” and the overlying “Blue limestone.” Carman considers 
the contact between these formations as being at the base of the bed 
containing Chonetes coronatus (Conrad) (interval 11), which is prob- 
ably equivalent to the strata of intervals 7 and 8 of the Silica quarry. 

The top of the Columbus limestone was correlated by Stauffer ?® at 
the top of his interval 5, which corresponds to the top of Carman’s 
interval 7, and is 4 feet 6 inches below the top of Carman’s “Upper 
Columbus.” Stauffer reports Cyrtina umbonata alpenensis Hall and 
Clarke as making its appearance in overlying interval 6, and being 
present with Chonetes coronatus (Conrad) in interval 8. During a 
brief visit to the quarry with Carman, the writer was unable to find any 
specimens of Cyrtina umbonata alpenensis Hall and Clarke or of 
Chonetes coronatus (Conrad) in Stauffer’s interval 8. The writer agrees 
with Carman in believing that the fauna of Stauffer’s intervals 6-8 (Car- 
man’s intervals 8-10) is the same as that of the underlying beds, and that 
the top of the “Upper Columbus” should be placed at the top of Stauffer’s 
interval 8 (Carman’s interval 10). 

The correlation of the “Upper Columbus” limestone of this quarry 
with the Dundee of southeastern Michigan is justified by the similarity 
of faunas, shown in Table 1. 


Amherstburg quarry.—About six miles southeast of Sibley, and one 
mile north of Amherstburg, Ontario, Canada, is a quarry operated by the 
Bruner Mond Canada Limited (Fig. 1). The strata of the quarry 
were described by Stauffer *° as follows: 


Feet Inches 
Onondaga limestone 

15. Limestone, fairly compact, greyish brown, in layers from 1 

14. Limestone, earthy grey to brown, rather thin-bedded, with 

much fossiliferous grey chert.....................000005 3 3 
13. Limestone, semi-crystalline, grey, full of fossils, and com- 

12. Limestone, compact, earthy, massive to semi-crystalline, 

grey, with few fossils and rather thick bedded........... 4 9 


#C. R. Stauffer: The Middle Devonian of Ohio, Ohio Geol. Surv., Bull. 10, 4th ser. (1909) 


p. 149-150. 
2C. R. Stauffer: The Devonian of southwestern Ontario, Canada Geol. Surv., Mem. 34 (1915) 


p. 202-203. 


— 
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Feet Inches 
11. Limestone, rather massive, semi-crystalline, grey, full of 
10. Limestone, semi-crystalline, slightly banded, grey to brown, 
with few fossils and in beds about 20 inches in thickness... 5 9 


9. Limestone, saccharoidal, brown, magnesian, with very few 

fossils. This is often one massive bed, but shows styliolites 

along the obscure bedding planes. Sometimes this part of 

the formation is separated into two, three, or even half a 

dozen beds. Pockets of calcite crystals occur in this rock 8 0 
8. Limestone, very massive, grey to brown, saccharoidal, mag- 

nesian, containing occasional pockets of calcite crystals 

and a little fossiliferous chalky white chert, about three 

feet from the bottom. Except for the cherty nodules, 

these beds are very poor in fossils. They rest uncon- 

formably on the Anderdon beds and usually show a basal 

conglomerate which often includes some sand........... 10 8 


Anderdon beds 
7. Limestone, compact, drab, with numerous fossils. A large 
loosely coiled gastropod is usually very conspicuous on the 
eroded surface. The sand, above mentioned, has often 
sifted down into the cracks of these and the beds below, 
and may occasionally be found in considerable quantity 


even to a depth of 4 or 5 feet......................00 0s 0 6 
6. Limestone, semi-crystalline, grey with very few fossils..... 2 0 
5. Limestone, semi-crystalline, grey, with an abundance of 
fossils. Corals and stromatoporoids are most abundant... 4 8 
4. Limestone, compact, banded, drab, with conchoidal fracture, 
emitting a semi-metallic ring when struck witha hammer.. 18 0 
Flat Rock dolomite ? 


3. Limestone, brown, magnesian, in one layer. This forms the 
base of the larger part of the deep cut of the quarry. It 


contains a few corals and stromatoporoids............... 2 2 
2. Limestone, indistinctly banded, rough, thin-bedded, with 
crinoidal stems and fragments......................0005 1 10 


1. Limestone, compact, drab, rough and irregular. The top of 
these beds is sometimes very irregular and has a shale 
parting between it and the overlying rock. Corals and 


stromatoporoids are rather common in it................ 2 6 


Although the writer did not have an opportunity to make an exten- 
sive collection of fossils from this quarry, the strata of intervals 10 to 
15 certainly have the same fauna as the Dundee limestone as shown in 
Table I. 

The beds of the Amherstburg quarry, designated as Onondaga, the 
Dundee limestone of southeastern Michigan, and the “Upper Columbus” 
of northwestern Ohio, contain many species of fossils which have also 
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been reported from the Jeffersonville limestone of southern Indiana and 
Kentucky. The fauna of these various formations, as pointed out by 
Pohl,”* migrated northward from the Gulf of Mexico region. 


SYSTEMATIC PALEONTOLOGY OF THE DUNDEE LIMESTONE* 


ANTHOZOA 
Order TrTRACORALLA 
Pinnatophyllum Grabau ms. 


The following description of this new genus is taken from an un- 
published manuscript in the possession of the Michigan State Geologi- 
cal Survey, and is reproduced here by permission of that organization. 


“Corallum: conical, curved, curvature often approaching or even exceeding 90 
degrees. Regularly expanding in normal specimens, and only in extreme forms 
becomes cylindrical in the ephebic stages. Gerontic stages often marked by 
contractions and periodic rejuvenescense. The pinnate arrangement of the septa 
is well shown on the exterior, the cardinal septum always occupying the outer 
or convex curve except in case of distortion. Excessive development of the 
septa in the cardinal quadrants may lead to an angulation along the line of the 
cardinal septum. 

“Septa more or less radiate, often uniting in the more primitive species and 
somewhat twisting in the center. Dissepiments abundant, forming cystose struc- 
ture arranged in the more primitive species in a cup like manner clearly similar 
to their arrangement in Cystiphyllum. In more specialized species they tend 
to form irregular more or less horizontal series approaching tabulae. In some 
extreme forms at present included here, tabulae are developed. The fossula is 
absent in the primitive species, but becomes developed to a moderate extent in 
the adults of the more specialized types. In extremely specialized types carinae 


may appear. 
“This genus at present includes the following species: 
Pinnatophyllum dundeense Grabau Genotype—Dundee gr. 
Pinnatophyllum multilamellatus Columbus gr. 
Pinnatophyllum scyphus Traverse gr. 
Pinnatophyllum zenkeri(?) Hamilton 


“These forms are bound together by community of descent and share in common 
the primitive curved conical form and persistence of pinnate arrangement of the 
septal grooves. The abundance of cystose structure is also a characteristic fea- 
ture and indicates that this generic type by suppression of the septa might give 
rise to Cystiphyllum; or else that it was derived from a primitive Cystiphyllum- 
like type by the development of septa. It forms a connecting link between the 
primitive Streptelasmas and true Cyathophyllums.” 


2 FE. R. Pohl: D ian formations of the Mississippi basin, Tennessee Acad. Sci., Jour., vol. 5, 


no. 2 (1930) p. 55, 58. 
2 Fossils listed in Table I which have been described and illustrated previously are not 


discussed in this paper. 
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Pinnatophyllum dundeense Grabau ms. 
(Plate 34, figures 1-4) 
1850. Cf. Cyathophyllum michilin Verneuil and Haime, Soc. Géol. France, Bull., 
2nd ser., tome VII, p. 161. 
1875. Zaphrentis prolifica Nicholson (not Billings), Ohio Geol. Surv., Paleont., 
pt. II, p. 237. 
Pinnatophyllum dundeense Grabau, unpublished manuscript in possession 
of Michigan State Geological Survey, p. 42-46. 


Grabau’s description: “Corallum a short curved cone, the curvature being 90 
degrees or over and the expansion varying from about 45 degrees in the narrower 
to nearly 60 degrees in the broader specimens. The greatest diameter of the calyx 
observed is 1% inches with a length of 3% inches; giving a dorso-ventral diver- 
gence of about 30 degrees. 

“The epitheca is rather thin, the corallum being characterized by a number of 
coarse growth wrinkles due to repeated contraction and expansion. These are 
never marked enough to interfere with the symmetrical expansion of the corallum. 
The septal grooves are generally well marked; often the thin outer edges of the 
septa themselves are visible. The cardinal septum, so far as observed, is always 
on the convex side and symmetrical with reference to the curvature. The pinnate 
arrangement of septa is well shown. In this respect the coral closely recalls the 
more conate mutations of Cyathophyllum scyphus Rominger. 

“The aperture is in a plane practically parallel to the axis of the young corallum; 
in some cases it may actually be somewhat overturned, while in others it does 
not quite reach that angle. 

“The septa are numerous, alternating and numbering from 100 to 130 in a calyx 
1% inch in diameter. The last cycle septa reach half way or less to the center. 
Coalescence of the larger septa near the center is common, and they generally 
are deflected and more or less twisted. The cardinal septum is well-developed, 
the fossula being undeveloped. At the periphery the thickening of the septa 
has produced a pseudotheca 0.5 mm. or more in thickness. Dissepiments are 
numerous, often cystose and arranged more or less parallel to the wall in outer 
zones of the corallum. Frequently there are distinct cysts, with convexity point- 
ing toward the center of the calyx. In this respect they resemble the cysts of 
Cystiphyllum. Near the center the dissepiments sometimes become horizontal 
and thus form the beginnings of tabulae. Typical tabulae are absent altogether. 
In the specimen with a calcinal diameter of 35 mm. the depth of the calyx is 
nearly 20 mm. 

“This species approaches Cyathophyllum in the number of its septa, the absence 
of tabulae, and the abundance of cystose dissepiments. It differs from that genus 
in the lack of radial development of the septa and the marked bilaterality. 

“This species has generally been identified as Zaphrentis prolifica Billings, but 
it differs from that species in its regular curvature and uniform expansion and the 
regular position of the cardinal septum, and in the more numerous development 
of septa. The absence of a fossula is another characteristic feature distinguishing 
this species from Z. prolifica Billings. 

“From Cyathophyllum zenkeri Billings it is distinguished by its stronger curva- 
ture, more rapid expansion, and the less accentuation of the cardinal septum 
which in that species often causes a distinct angulation of the dorsal-ventral side 
of the corallum. 
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“C. zenkeri Billings is also more slender, especially in the adult, the septa are 
more radial and not coalescing, and the fossula is well developed generally in the 
adult. The young of C. zenkeri Billings is closely similar to P. dundeense. 

“This and the next species [Cyathophyllum multilamellatum (Nicholson)— 
Grabau manuscript] may perhaps be regarded as forming a connecting link 
between Streptelasma on the one hand and Cyathophyllum on the other. Nichol- 
son described this species as Zaphrentis prolifica Billings. This is shown by much 
of the original material from Ohio in the Columbia University collection, all of 
which is labelled by this name. Some small specimens from Sylvania, Nicholson 
referred doubtfully to C. michilin Verneuil and Haime. Nicholson’s specimens 
came from Marblehead, Sandusky, Kelly’s Island, and Columbus, Ohio. 

Horizon and localities —“In Michigan: Dundee limestone, Sibley quarry; 9 ft. 
bed (Sherzer’s interval I), bottom 20 ft., 6 ft. bed, flint rock over 9 ft. bed 
(Sherzer’s interval H); in Ohio, Columbus limestone. A typical specimen in the 
Calcisphaera limestone.” 

BRACHIOPODA 


Order INARTICULATA 
Pholidops neali Bassett, n. sp. 
(Plate 34, figs. 5-7) 


Description—Shell, small, ovate, greatest width posterior to center and about 
in line with apex; apex, located one-third the distance of the length of the shell 
from the posterior end. In early growth stages the apex is more nearly in the 
center of the shell. Shell, thin, marked by closely arranged lines of growth, which 
are crowded on the posterior end. Edge of shell, flattened. 

Interior has a shield-shaped muscular impression. On each side of the median 
line of the shield, anterior to the apex of the shell, are two oval protuberances 
of the shell for the attachment of muscles. The muscle scar of this species differs 
from that of P. hamiltonae Hall as may be seen in figures 7 and 8 of Plate 34. 
The muscular impression of one specimen is similar to that of P. oblata Hall. 

The dimensions of the holotype are: length, 3 millimeters; width, 2% milli- 
meters. 

Occurrence.—Found in intervals 20, 22, and 23 of Sibley quarry. Another species 
of Pholidops is reported from the Amherstburg quarry. Further study may prove 
this to be the same as P. neali. 


Order ARTICULATA 
Rhipidomella variabilis Grabau 
(Plate 35, figures 1-4) 


1913. Rhipidomella variabilis Grabau, Geol. Rept. on Wayne County, Michigan, 
Mich. Geol. and Biol. Surv., Pub. 12, geol. ser. 9 (1913) p. 342. 


As far as the writer is aware this is the first time that this species has been 
illustrated. All attempts to locate the types were unsuccessful, but the descrip- 
tion is adequate to recognize the species. The forms reported from Silica, White- 
house, and Amherstburg quarries as R. vanuxemi Hall are the same as this species. 

Occurrence —Intervals 17, 21, 23 of Sibley quarry. 
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Schizophoria foleyt Bassett, n. sp. 
(Plate 35, figure 5) 
Description—Shell, subquadrangular; cardial extremities, rounded; hinge-line, 


about one-half the greatest width of the shell. Width of holotype, 28 millimeters;: 


length, 22 millimeters. 

Ventral valve, convex; the shallow, undefined sulcus starts at the beak and 
becomes broader and deeper toward the front; beak, incurved over the concave 
palintrope; delthyrium, equilaterally triangular, open; the cast of an interior 
shows that the dental plates were extended as a ridge around the deeply bilobate 
muscle area, one side of which consisted of at least two lobes. 

Dorsal valve, seen only in a young specimen; regularly convex from beak to 
front; convexity greater than in the ventral valve. Surface, multicostellate. 

Remarks.—This specimen is much like the specimen from the Sellersburg bed 
of Indiana, illustrated by Kindle™ as S. striatula (Schlotheim). It does not look 
like typical examples of S. striatula (Schlotheim) nor like specimens referred to 
this species. It is quite possible that Kindle’s specimen should be identified 
as S. foleyi Bassett, n. sp. 

In Indiana the species referred to as S. striatula (Schlotheim) is associated with, 
and less common than, Rhipidomella vanuremi Hall. Likewise, in the Sibley 
quarry, Schizophoria foleyi Bassett, n. sp., is associated with Rhipidomella varia- 
bilis Grabau, and is less common than the latter. The species reported from the 
Whitehouse and Amherstburg quarries as S. striatula (Schlotheim) may prove to 
be the same as this new species. 

Occurrence —Interval 17, Sibley quarry. 


Genus Stropheodonta 


This genus is common in the Dundee limestone of the Sibley quarry and is 
represented by a number of species. The shells are so poorly preserved in most 
cases that positive identification is impossible. Grabau notes the occurrence of 
the following species in the Dundee limestone of southeastern Michigan: Stropheo- 
donta inequiradiata Hall, S. dundeense Grabau, S. hemispherica Hall, S. concava 
(Hall), S. costata Owen, S. fissicosta Winchell, S. demissa (Conrad), and S. alpe- 
nensis Grabau. Of these, only forms which may be referred to S. hemispherica, 
S. concava, and S. demissa have been observed by the writer. Specimens of 
S. dundeense Grabau are undoubtedly in the collection, but they could not be 
separated on the basis of the description, and the types could not be located. 


Chonetes maconensis Bassett, n. sp. 
(Plate 35, figures 6-10) 

Description—Shell, small, semi-oval in outline, concavo-convex; hinge-line, 
about equal to the greatest width of the shell; cardinal extremities, sometimes 
salient. The dimensions of the holotype are: length, 7 millimeters; width, 11 
millimeters. 

Ventral valve, regularly convex from beak to front, abruptly flattened on the 
cardinal extremities. 

Dorsal valve is moderately concave. 


33. M. Kindle: The Devonian fossils and stratigraphy of Indiana, Ind. Dept. Geol. and Nat. 
Res., 25th Ann. Rept. (1900) pl. 3, figs. 11, lla. 
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Plications, coarse, about twelve in the vicinity of the beak. Approximately four 
of these bifurcate about one-third of the distance from the beak to the front, 
and about four close to the front of the shell, making about twenty plications 
at the border. The plications are wider than the interspaces. No plications 
are present on the flattened postero-lateral parts of the shell. 

The cardinal margin shows two spines on each side of the center, which are 
abruptly bent outward, nearly parallel with the margin. 

Remarks—This species is similar to C. mucronata Hall, but differs from it in 
being a little more convex, in having striae wider than the interspaces, and in 
showing a greater bifurcation of the striae. The species is much like C. laticosta 
Hall, which Hall considered the same as C’. mucronata Hall, but the ventral valve 
is not gibbous, and the striae differ in the same particular as above. 

Occurrence —Intervals 20 and 24, Sibley quarry, Macon Creek, Amherstburg. 


Chonetes sibleyensis Bassett, n. sp. 
(Plate 35, figures 11-14) 


Description —Shell, semi-elliptical in outline; average length, 11-12 millimeters; 
breadth, 14-15 millimeters. 

Ventral valve, strongly convex, depressed toward the cardinal angles. Surface, 
marked by rounded plications, which increase by bifurcation and intercalation 
so that 40 to 50 may be counted at the margin. Plications and interspaces about 
equal in width. There is considerable space at the cardinal angles, which is 
destitute of striae. Four spines are present on each side of the beak and are 
abruptly bent outward, parallel with the hinge-line. 

Dorsal valve, slightly concave, with markings which correspond to those on the 
ventral. 

Specimens from the chert beds of the Dundee limestone seem to be a little 
less convex, and the plications do not appear as conspicuous. 

Remarks—This form is similar to C. vicinus (Castelnau), C. deflecta Hall, and 
C. gibbosa Hall, but has a larger number of plications. 

Occurrence —Intervals 22, 23, and 25, Sibley quarry, Macon Creek. 


Etheridgina? spinosa Bassett, n. sp. 
(Plate 35, figures 15-22) 


Description —Shell, small, attached to foreign objects, for a part of its life 
at least, by a small cicatrix on the umbo of the ventral valve; wider than long, 
semi-elliptical or semi-circular in outline; hinge-line, a little shorter than the 
greatest width of the shell; no cardinal area on either valve. The dimensions of 
an adult are: length, 10 millimeters; width, 12 millimeters. 

Ventral] valve has scar of attachment, although no specimen was found adherent 
to another object. There are spines along the hinge-line and spines, arranged 
concentrically about the scar of attachment, extending out on the wrinkled 
postero-lateral slopes; the three rows of spines close to the scar are crowded, 
the others being successively farther apart toward the front of the shell. The 
spines alternate in position in the rows. Toward the front each spine occupies 
the midpoint of a ridge which rises from the shell in back and disappears toward 
the front. This character, especially when the minute scar of attachment is 
scarcely apparent, gives the specimens an appearance on the front part of the 
ventral valve, similar to that of Productella spinulicosta Hall. 
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Dorsal valve, known only from one interior; concave, with a broad flattening 
posterior to the middle; granulose; diductor muscle scars, present. 

Remarks.—This species somewhat resembles species of Strophalosia and Lepta- 
losia, but differs from these genera in the absence of a cardinal area. The 
specimens illustrated were submitted to Carl O. Dunbar, of Yale University. In 
his opinion this form is closely allied to the genus Etheridgina. 

Occurrence —Intervals 17, 20, and 21, Sibley quarry. | 


Pentamerella parva Bassett, n. sp. 
(Plate 35, figures 23-25) 


Description —Shell, small, subcircular in outline, width and length about equal; 
hinge-line, shorter than the greatest width of the shell. The dimensions of the 
holotype are: length, 13 millimeters; width, 14 millimeters. 

Ventral valve, gibbous, regularly convex from beak to front, without a definite 
sulcus; beak, incurved over the palintrope. 

Dorsal valve, slightly convex without a definite fold. 

Surface marked by 12 or 13 plications. 

Remarks—The holotype, the only specimen found, is almost entirely exfoliated ; 
hence, the external ornamentation of the shell is unknown. 

Occurrence —Interval 21, Sibley quarry. 


Atrypa elegans (Grabau) 
(Plate 36, figures 1-15) 


1911. Atrypa reticularis mut. elegans Grabau, Mich. Geol. Surv., Publ. 12, geol. 
ser. 9 (1913) p. 344. 

Description—Shell subcircular in the younger individuals, but, because of 
more rapid growth in the anterior portion, becomes oval in the adult stage; 
hinge-line, about two-thirds the width of the shell. Dimensions of the neoholo- 
type, which is almost entirely exfoliated, are: length of ventral valve, 17 milli- 
meters; length of dorsal valve, 16 millimeters; greatest width, 15 millimeters; 
estimated length of hinge-line, 10 millimeters; thickness, about 11.5 millimeters. 
Dimensions of a well-preserved neoparatype are: length of ventral valve, 20 
millimeters; length of dorsal valve, 18.5 millimeters; greatest width, 18 milli- 
meters; length of hinge-line, 12 millimeters; thickness, 14 millimeters. 

Ventral valve, depressed-convex, greatest depth posterior to the middle; umbo, 
prominent, with the surface sloping abruptly to the cardinal margins; sulcus is 
only a slight depression toward the front of the shell, which, in gerontic indi- 
viduals, becomes produced into a linguliform extension of the shell; beak, small 
and produced posteriorly beyond the hinge-line, nearly in line with the plane 
of the valve, only slightly incurved. 

Dorsal valve, gibbous, without a fold except as indicated at the anterior edge 
of the shell; greatest depth, in the center of the valve, from which point the 
shell curves regularly to the margins; beak, small and incurved under that of the 
ventral valve. 

Surface of each valve is covered by fine plications, which increase by bifurca- 
tion and intercalation until about 70 are present at the margin of a mature shell. 
Concentric lines of growth are present but not prominent on most shells. 

Remarks—Grabau differentiated this form from Atrypa reticularis (Linnaeus) 
by means of its smaller size and finer plications. In the writer’s opinion this 
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mutation is specifically different from Atrypa reticularis (Linnaeus) and should 
be raised to the rank of a species. 
Occurrence —Interval 24, Sibley quarry. 


Atrypa elegans var. gibbosa Bassett, n. var. 
(Plate 36, figures 16-21) 


Description—Shell, globular in form, subcircular in outline; hinge-line, about 
half the width of the shell. The dimensions of the holotype are: length of ventral 
valve, 17 millimeters; length of dorsal valve, 15 millimeters; greatest. width, 18 
millimeters; length of hinge-line, 8 millimeters; thickness, 13 millimeters. 

Ventral valve, arched in the lower half, but abruptly depressed anterior to the 
middle into a sulcus which increases in depth toward the front, where it is 
produced into a linguliform extension; umbo, prominent, with the surface sloping 
abruptly to the cardinal margins; beak, small, only slightly incurved, and pro- 
duced posteriorly beyond the hinge-line, nearly in the plane of the valve observed. 

Dorsal valve, gibbous, the greatest depth being at the middle of the valve; 
mesial fold, pronounced and corresponding to the sulcus in the opposite valve; 
beak, incurved under that of the ventral valve. 

Plications increase by intercalation, and possibly bifurcation, until about 40 
are present at the margin of the shell. 

Remarks—tThis variety differs from A. elegans (Grabau) in having a pro- 
nounced fold and sulcus, and a smaller number of plications. 

Occurrence —Interval 24, Sibley quarry. 


Atrypa costata Bassett, n. sp. 
(Plate 37, figures 1-10) 


Description—Shell, oval in outline; hinge-line, a little more than half the 
greatest width of the shell. The dimensions of the holotype are: length of 
ventral valve, 20 millimeters; length of dorsal valve, 19 millimeters; greatest 
width 18 millimeters; length of hinge-line, 12 millimeters; thickness, 13.5 milli- 
meters. 

Ventral valve, depressed-convex; toward the front is developed an ill-defined 
sulcus, which becomes a linguliform extension of the shell in gerontic individuals; 
umbo, rather prominent; beak, only slightly incurved, and produced posteriorly 
beyond the hinge-line nearly in the plane of the valve. 

Dorsal valve, gibbous, with a fold corresponding to the sulcus in the opposite 
valve; beak, inconspicuous and incurved under that of the pedicle valve. 

Valves marked by costae, which bifurcate high up on the shell; 25 to 30 are 
usually present at the edge of the shell. The costae are crossed by prominent 
lines of growth, which make the shell look somewhat like A. spinosa Hall. In 
the young stages the shells are flatter, semicircular in outline, and do not possess 
a fold and sulcus. In gerontic individuals the shell becomes much thickened, 
and the growth lines imbricated. 

Remarks—This is a common form of Atrypa found in the Sibley quarry, and 
is probably the form which Grabau identified as A. spinosa Hall. 

Occurrence—Interval 25, Sibley quarry; Amherstburg quarry. 
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Atrypa ehlersi Bassett, n. sp. 
(Plate 37, figures 11-14) 


Description —Shell, subcircular in outline; hinge-line, less than half the greatest 
width of the shell. The dimensions of the holotype are: length of ventral valve, 
20 millimeters; length of dorsal valve, 19 millimeters; greatest width, 18 milli- 
meters; length of hinge-line, 8 millimeters; thickness, 11.5 millimeters. 

Ventral valve, depressed-convex; front, produced into a shallow sulcus; umbo, 
prominent; beak, small, slightly incurved over that of the dorsal valve. 

Dorsal valve, convex, regularly arched, with a slight fold corresponding to 
the sulcus in the opposite valve; beak, incurved under that of the ventral valve. 

Costae are coarse, and increase by bifurcation and intercalation until there 
are from 22 to 26 at the edge of the shell. These are crossed by concentric, 
lamellose lines of growth, some of which are more prominent than others. 

Occurrence —Interval 17, Sibley quarry. 


Genus Spirifer 


This genus is not represented by many specimens in the beds at Sibley quarry. 
Most of the specimens found by the writer consist of single valves in a frag- 
mentary state of preservation, making definite identifications of all species impos- 
sible. 

Cyrtina hoffmeistert Bassett, n. sp. 
(Plate 37, figures 15-19) 


Description—Shell, small, subpyramidal in form; hinge-line, a little shorter 
than the greatest width of the shell; cardinal extremities, subangular. The 
dimensions of the holotype are: length of ventral valve, 11 millimeters; length 
of dorsal valve, 7.5 millimeters; width, 10 millimeters; thickness, 10.7 millimeters; 
height of cardinal area, 58 millimeters. 

Ventral valve, subpyramidal, with the apex slightly incurved or erect; uniform 
curvature from the beak to the front and cardinal angles; sulcus, rather shallow, 
originating at the beak, angular in the bottom; interarea, high, flat, or slightly 
incurved; delthyrium, high, narrow, and covered by a convex pseudodeltidium ; 
each lateral slope, marked by about six simple costae, the two bounding the sulcus 
being much the strongest. 

Dorsal valve, depressed-convex, shallow, compressed toward the cardinal ex- 
tremities, the greatest convexity, near the middle; mesial fold, low, moderately 
elevated as it approaches the frontal margin and having a slight mesial depres- 
sion; each lateral slope, marked by six costae. 

In addition to the costae on both valves, there are faint lines of growth, 
which are crowded toward the front. 

Remarks—Some of the specimens show injuries which caused a halt in the 
growth on one side of the beak of the ventral valve, giving it the twisted 
appearance of C’. hamiltonensis Hall. The specimens of C. hoffmeisteri Bassett, 
n. sp., from the Dundee of Sibley quarry, differ from specimens of C. hamiltonensis 
Hall collected at Widder, Ontario, in being smaller, and in having a less convex 
brachial valve, apparently more rounded cardinal extremities, a smaller ratio of 
height to width, and the margins around the ventral interarea more convex. 

Occurrence —Intervals 17, 20, 22, 23, 24, and 25, Sibley quarry. 
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GASTROPODA 


A number of internal molds of gastropods have been found, but they 
are too poorly preserved to be identified even generically. Grabau lists 
the following species as coming from the Dundee of Sibley Quarry. 


Interval 
Name Sherzer Author 
Pleurotomaria (Pleurorima) lucina Hall A,G 25, 23 
Pleurotomaria (Euryzone?) hebe Hall A, A-I 25, 25-20 
Hormotoma (Hormotomina) maia (Hall) I 20-21 
Hormotoma desiderata Hall upper 
Coelidium sp. unknown 


Euomphalus (Pleuronotus) decewi Billings upper beds 
Trochonema meekanum S. A. Miller 


(T. tricarinatum Meek) I 20-21 
Platyceras dumosum Conrad A-D, ete. 25 
Platyceras attenuatum Meek unknown 
Platyceras carinatum Hall unknown 
Callonema bellatulum Hall unknown 


Platyceras bradleyi Bassett, n. sp. 
(Plate 38, figures 5-6) 


Description—Shell, ventricose. Apex, minute, making about one or one-half 
closely enrolled volutions, below which it expands rapidly and becomes ventri- 
cose, spreading more on the left of the dorsum than on the right. Dorsum is 
marked by a rounded carina at the front, but in the earlier stages of growth the 
dorsum is subangular. In addition to the dorsal sinus there are two smaller 
sinuses, close together on the right side of the dorsum. Aperture oblique, circular 
in outline; peristoma, sinuous. 

Surface marked by fine and coarse non-imbricating lines of growth. 

Remarks—tThis species differs from P. carinatum Hall in that the left side is 
more expanded than the right. 

Occurrence —Interval 17, Sibley quarry. 


Platyceras keoughi Bassett, n. sp. 
(Plate 38, figures 1-4, 8) 


Description—Shell, ventricose. Apex, minute, closely enrolled for about one 
volution, below which it expands rapidly becoming extremely ventricose, spread- 
ing more on the left than on the right of the dorsum. Dorsum, rounded in the 
earlier stages of growth, but develops a subangular carina when full grown. The 
swelling on the right side of the dorsum develops into a strong, rounded sinus. 
Many of the specimens show a halt in the growth before the development of 
the sinus on the right side. This may be seen especially well on the partially 
exfoliated specimen illustrated on Plate 38, figure 4. When the shell is preserved, 
this halting stage may be either faintly indicated or not at all. 

Surface, marked by faint revolving striae, which are crossed by strong lines 
of growth. 

Occurrence —Intervals 17, 20, and 24, Sibley quarry. 
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Platyceras knappi Bassett, n. sp. 
(Plate 38, figures 7, 9-11) 


Description —Shell, obliquely oval; apex, minute, rapidly but uniformly expand- 
ing a little more on the right of the dorsum than on the left. Dorsum, rounded. 
The right side shows faint indications of a broad sinus. Aperture, rounded; 
peristome, sinuous. 

Surface, marked by closely arranged, undulating lines of growth. The shell of 
this specimen is well preserved and exhibits color markings. On each side of the 
center of the dorsum, and parallel to it, is a narrow, buff, color band, the one 
on the left side being about 0.5 millimeters in width, the one on the right nearly 
twice as broad. A third color band is faintly indicated on the broad sinus of the 
right side of the shell. 

Only five other species of gastropods having color markings are recorded by 
A. F. Foerste * as coming from rocks of the Devonian system; only one species 
of Platyceras with color markings is listed by him. 

Remarks—This new species was found by Thomas Knapp, graduate student in 
geology at the University of Michigan, and has been named for him. 

Occurrence—Found in Sibley quarry, interval not known. 


TRILOBITA 


Proetus crassimarginatus (Hall) 
(Plate 38, figures 12-17) 


1843. Calymene crassimarginata Hall, Geology Fourth Dist., New York, p. 173. 
1861. Proetus crassimarginatus Hall, New York St. Cab. Nat. Hist., 15th Ann. 
Rept., p. 72-73. 

The specimens from the Dundee of Sibley quarry are like specimens from the 
Falls of the Ohio. They have a much thicker, more convex pygidium than the 
one imperfect specimen available for comparison from the type locality, Williams- 
ville, N. Y. A comparison with the types may show that this form is a new 
species. 

Occurrence —Intervals 17, 20, 23, and 25, Sibley quarry; reported from White- 
house quarry. 

Proetus planimarginatus Meek 
(Plate 39, figures 1-8) 


1871. Proetus planimarginatus Meek, Acad. Nat. Sci. Philadelphia, Pr., p. 89; 
and Paleont., Ohio, vol. 1, pt. 2 (1873) pl. 23, figs. 3a, b. 

1899. Proetus curvimarginatus Hall, (?) (Proetus sp. Grabau), Buffalo Soc. Nat. 
Sci., Bull., vol. 6, pt. 2, p. 316, fig. 261. 

1909. Proetus wellert Stauffer, Ohio Geol. Surv., 4th ser., Bull. 10, p. 195, pl. 17, 
figs. 12, 13. 

1913. Proetus conicus Grabau, Mich. Geol. and Biol. Surv., Publ. 12, geol. ser. 9, 
p. 361. 

Remarks—lIn 1871, Meek described P. planimarginatus, from the smooth cast 
of the lower surface of a pygidium found in Lucas County, Ohio. Grabau found 
a glabella in the Hamilton of Eighteen Mile Creek, New York, which he referred, 


2A. F. Foerste: The color patterns of fossil cephalopods and braciopods, with notes on gas- 
tropods and pelecypods, Univ. Michigan, Contr. Mus. Paleont., vol. 3, no. 6 (1930) p. 118. 
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in 1899, to P. curvimarginatus Hall, but which, in 1913, he considered the same as 
the single cranidium from the Dundee limestone of the Sibley quarry in Michigan, 
upon which he based his species P. conicus. Stauffer found, near Venice, Ohio, a 
nearly complete enrolled specimen, preserving the outer surface of the test and part 
of one genal spine. This he described in 1909 as P. wellert. A cephalon from the 
Sibley quarry, preserving the free cheeks and genal spines, has a cranidium that 
is identical with that of P. welleri Stauffer. A study of the descriptions of 
P. conicus Grabau and the P. sp. which Grabau referred to P. curvimarginatus 
Hall, and the drawing of the P. sp. Grabau shows that these glabellae are identical 
with the glabella of the cephalon from Sibley. The surface of the pygidium of 
P. welleri Stauffer is identical with the surfaces of pygidia found in the Sibley 
quarry, which, when exfoliated, correspond with the description and the pictures 
of P. planimarginatus Meek, proving that these described species are the same. 
The pygidium described by Meek came from Sylvania, Lucas County, Ohio, which, 
undoubtedly, refers to the Silica quarry. 

Occurrence —Intervals 15, 17, 20, 21, and 23, Sibley quarry; Silica and White- 
house quarries. 
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EXPLANATION OF PLATES 
34 


FOSSILS FROM THE DUNDEE LIMESTONE 
Pinnatophyllum dundeense Grabau 


Ficure 1.—Lateral view of one of Grabau’s cotypes, showing shape of corallum 
and contractions of epitheca. (15259*) Sibley quarry. 

Ficure 2——Longitudinal section of a specimen identified by Grabau, showing 
depth of calyx and dissepiments. (15262) Sibley quarry. 

Ficurs 3.—Calyx of another of Grabau’s cotypes, showing cardinal septum at 
top, twisting of the septa at the center, and dissepiments. (15260) 
Sibley quarry. 

Figure 4—Transverse section of another corallum identified by Grabau, showing 
arrangement of septa. Cardinal septum at top. x2. (15263) Sibley 
quarry. 


Pholidops neali Bassett, n. sp. 


Ficure 5.—Exterior view of a ventral (?) valve. x4. Holotype. (15201) Sibley 


quarry. 
Ficure 6—lInterior view of the holotype. x4. 
Ficure 7—Interior view of the holotype. x 16. 


Pholidops hamiltonae Hall 


Figure 8—lInterior of a valve. x16. Plesiotype. (15291) Hamilton shales of 
Eighteen Mile Creek, New York. Gift from the Buffalo Museum 
of Science. 


* Numbers in parentheses refer to University of Michigan collections. 
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PLaTEe 35 
FOSSILS FROM THE DUNDEE LIMESTONE 
Rhipidomella variabilis Grabau 


Ficures 1-3.—Dorsal, ventral, and posterior views of the neoholotype. (15200) 
Sibley quarry. 

Figure 4.—Interior of a ventral valve, showing muscle scars. Neoparatype. 
(15193) Sibley quarry. 


Schizophoria foleyi Bassett, n. sp. 
Ficure 5.—Ventral valve. Holotype. (15194) Sibley quarry. 
Chonetes maconensis Bassett, n. sp. 


Ficurs 6—Ventral valve, showing spine bases along cardinal margin. Paratype. 
(15206) Sibley quarry. 

Ficure 7—Ventral valve, showing presence of fine plications in middle part of 
valve and absence of plications on postero-lateral slopes. x2. 
Holotype. (15203) Sibley quarry. 

Figure 8—Side view of specimen illustrated in figure 7, showing curvature of 
the valve. x2. 

Ficure 9.—Exterior of a dorsal valve. x2. Paratype. (15205) Macon Creek. 

Figure 10.—Interior of a dorsal valve, showing cardinal process and muscle scars. 
Paratype. (15204) Macon Creek. 


Chonetes sibleyensis Bassett, n. sp. 


Ficure 11—Ventral valve, showing spines along cardinal margins. Holotype. 
(15195) Sibley quarry. 

Ficure 12—Ventral valve, showing spines along cardinal margin. Paratype. 
(15857) Sibley quarry. 

Ficure 13.—Natural mold of the interior of a ventral valve. Paratype. (15186) 
Chert nodule, Sibley quarry. 

Figure 14—Exterior of a dorsal valve. Paratype. (15187) Macon Creek. 


Etheridgina? spinosa Bassett, n. sp. 


Ficurs 15.—Ventral valve, showing spines on postero-lateral slopes. x2. Para- 
type. (15213) Interval 17, Sibley quarry. 

Ficure 16.—Interior of a dorsal valve. x2. Paratype. (15217) Interval 17, 
Sibley quarry. 

Ficure 17.—Ventral valve, showing scar of attachment. Paratype. (4155) ?Dundee 
limestone, drift, Ann Arbor, Michigan. 

Ficure 18—Posterior view of the specimen illustrated in figure 22, showing spines 
along cardinal margin and concentric arrangement of spines about 
scar of attachment. 

Figures 19, 20, 21—Ventral, side, and posterior views of the holotype. x 2. (15214) 
Interval 17, Sibley quarry. 

Figure 22.—Exterior of a ventral valve. Paratype. (15215) Sibley quarry. 


Pentamerella parva Bassett, n. sp. 


Ficures 23-25—Ventral, dorsal, and lateral views of the holotype. x2. (15196) 
Interval 21, Sibley quarry. 
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36 


FOSSILS FROM THE DUNDEE LIMESTONE 
Atrypa elegans (Grabau) 


Fiaure 1—Dorsal view of a young shell. Neoparatype. (15198) Interval 24, 
Sibley quarry. 

Ficure 2.—Dorsal view of a more mature shell. Neoparatype. (15167) Interval 
24, Sibley quarry. 

Ficure 3.—Ventral view of a gerontic shell. Neoparatype. (15166) Interval 24, 
Sibley quarry. 

Ficures 4-5.—Ventral and dorsal views of an exfoliated shell, showing muscle 
scars and ovarian pittings. Neoparatype. (15192) Interval 24, Sibley 
quarry. 

Ficures 6-9.—Dorsal, ventral, lateral, and anterior views of the partially exfoli- 
ated neoholotype. (15180) Interval 24, Sibley quarry. 

Ficures 10-13—Dorsal, ventral, lateral, and anterior views of a neoparatype. 
(15183) Interval 24, Sibley quarry. 

Ficures 14-15.—Dorsal and lateral views of a neoparatype, showing spires. 
(15199) Interval 24, Sibley quarry. 


Atrypa elegans var. gibbosa Bassett, n. var. 


Ficures 16-19.—Ventral, dorsal, lateral, and anterior views of the holotype. 
(15179) Interval 24, Sibley quarry. 

Ficure 20.—Ventral valve. Paratype. (15182) Interval 24, Sibley quarry. 

Figure 21.—Ventral valve, showing muscle scars. Paratype. (15191) Interval 24, 
Sibley quarry. 
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Piate 37 


FOSSILS FROM THE DUNDEE LIMESTONE 
Atrypa costata Bassett, n. sp. 


Figure 1—Dorsal view of a young shell. Paratype. (15296) Sibley quarry. 

Ficure 2.—Dorsal view of another young shell. Paratype. (15181) Sibley quarry. 

Ficure 3—Ventral view of a shell of average size. Paratype. (15165) Sibley 
quarry. 

Ficure 4.—Dorsal view of a large specimen, showing imbricating lines of growth. 
Paratype. (15190) Onondaga limestone, Amherstburg, Ontario. 

Figure 5.—Ventral valve of a gerontic specimen. Paratype. (15178) Interval 25, 
Sibley quarry. 

Ficure 6.—Lateral view of specimen illustrated in figure 5, showing thickening of 
shell. 

Ficures 7-10.—Ventral, dorsal, lateral, and anterior views of the holotype. (15197) 
Sibley quarry. 


Atrypa ehlersi Bassett, n. sp. 


Ficures 11-14—Ventral, dorsal, lateral, and anterior views of the holotype. 
(15185) Interval 17, Sibley quarry. 


Cyrtina hoffmeisteri Bassett, n. sp. 


Ficures 15, 17—Ventral and lateral views of the holotype. x2. (15211) Inter- 
val 17, Sibley quarry. 

Figure 16—Dorsal valve. x2. Paratype. (15212) Interval 17, Sibley quarry. 

Ficure 18.—Ventral valve, showing twisted character of the beak due to an 
injury. Paratype. (15208) Interval 20, Sibley quarry. 

Figure 19.—Interarea of a ventral valve. x2. Paratype. (15210) Interval 15 or 
17, Sibley quarry. 
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Priate 38 


FOSSILS FROM THE DUNDEE LIMESTONE 
Platyceras keoughi Bassett, n. sp. 


Ficures 1-3—Spiral, dorsal, and apertural views of the holotype. (15285) Inter- 


val 17, Sibley quarry. 
Ficurs 4—Paratype, showing halt in growth. x2. (15282) Interval 20, Sibley 


quarry. 
Ficure 8.—Spiral view of another paratype showing apertural edge. x2. (15284) 
Interval 20, Sibley quarry. 
Platyceras bradleyi Bassett, n. sp. 
Ficures 5-6.—Dorsal and spiral views of the imperfectly preserved holotype. 
(15281) Interval 17, Sibley quarry. 
Platyceras knappi Bassett, n. sp. r 


Ficure 7—Spiral view of the holotype. (15270) Sibley quarry. \ 
Ficures 9-11—Dorsal, umbilical, and spiral views of the specimen illustrated in 
figure 7, showing color bands. x3. 


Proetus crassimarginatus Hall 


Fiaures 12-13—Dorsal and posterior views of a pygidium. Plesiotype. (15129) 
J. H. Farmer collection. Sibley quarry. 

Ficure 14.—Posterior view of the pygidium illustrated in figure 16. 

Ficurs 15—Glabella, probably belonging to this species. (15130) Interval 17, 
Sibley quarry. 

Ficure 16.—Dorsal view of a pygidium. Plesiotype. x2. (15128) S. H. Perry 
collection. Sibley quarry. 

Ficure 17.—Dorsal view of a pygidium. Plesiotype. x2. (15127) Sibley quarry. 
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39 


FOSSILS FROM THE DUNDEE LIMESTONE 
Proetus planimarginatus Meek 


Ficure 1—Glabella and upturned frontal border of an incomplete cephalon. 
Plesiotype. x2. (15126) Sibley quarry. 

Ficure 2—Nearly complete cephalon. Plesiotype. x2. (15133) Interval 20, 
Sibley quarry. 

Ficure 3—Dorsal surface of a pygidium. Plesiotype. x2. (15122) Sibley quarry. 

Ficure 4.—Partially exfoliated pygidium. Plesiotype. x2. (15125) Sibley quarry. 

Ficures 5-7—Cephalon and posterior and dorsal views of the pygidium of the 
holotype of Proetus wellert Stauffer. x2. (No. 16976, Ohio State 
University collection) Columbus limestone. Venice, Ohio. 

Ficure 8—Copy of the original illustration of Proetus planimarginatus Meek, 
Plate XXIII, Paleontology of Ohio, volume I, 1871. Columbus 
limestone. Sylvania, Lucas County, Ohio. 
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INTRODUCTION 
LOCATION 


The writers sailed as guests, in the summer of 1933, on the expedition 
led by John K. Howard, of Boston, to the fjord region of East Green- 
land. The expedition assembled at Isafjord, Iceland, on July 31, and 
sailed north in the Norkap II, a Norwegian sealer which had been 
outfitted for the voyage in Gloucester, Massachusetts. 

The geological work was carried on in the western part of Ymer 
Island, between 73° and 73°30’ north latitude. This island is sepa- 
rated from the mainland by Franz Josef Fjord, on the north and west, 
and by Antarctic Sound, on the south, each an important member in 
the fjord system of this part of the Greenland coast. 


STATEMENT OF THE PROBLEM 


The general problem involved a study of the structure and the 
stratigraphy of strata in the west end of Ymer Island. This problem 
became resolved into a number of specific studies, the more important 
among these being: 


(1) The making of a detailed geologic map of the area. 

(2) Testing and redefining in greater detail the established stra- 
tigraphy. This particular study became principally a 
lithologic problem because of the paucity of fossils. 

(3) An interpretation of the structure. 

(4) The consideration of a possible relationship between the fjord 
and the regional geologic structure. 


PREVIOUS WORK IN EAST GREENLAND 


Geological exploration in East Greenland between the latitudes 70° 
N. and 76°N. commenced in 1822 with the work of William Scoresby 
and has continued sporadically up to the present day. By far the 
most comprehensive studies in recent years have been carried on by 
Lauge Koch. In consequence of his work, and that of his predecessors, 
all of the Paleozoic and later eras are now known to be represented 
except the Silurian period and the Upper Tertiary. For the first time 
a moderately reliable geological map is available for the coastal region 
between the latitudes mentioned above. 

No history of exploration in Greenland, however brief, is complete 
without reference to Hobbs’ excellent résumé! of the work accom- 
plished in the decade 1921-1931. In this paper is given a complete 
bibliography on geological work in Greenland during that decade. 


1W. H. Hobbs: Greenland, the advances of a decade (1921-1931), Michigan Acad. Sci., Arta 
and Letters, Papers, vol. 18 (1933) p. 363-411. 
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METHODS OF WORK 


The writers spent eight days, mapping and measuring the sections 
shown at the end of the report. Prior to this period two and a half 
days were spent in reconnaissance, and following it a boat traverse 
was made eastward along Dusén Fjord which nearly bisects the island. 

The reconnaissance work began at midnight on August 6, when the 
writers were landed on the north coast of Gunnar Andersson Land 
on the north side of Ymer Island (at the valley under the first “n” 
in Gunnar, Pl. 40, fig. 1). A traverse south through an ice-free pass 
(the glacier indicated on the map being absent) which was named 
Midnight Pass, was made to Dusén Fjord. From this point the traverse 
was continued westward along the fjord and through the lake-filled 
valley which extends beyond the head of the fjord, to Blomsterbukta, 
or “Bay of Flowers” (labelled “Franz Josef Fjord” in Pl. 40, fig. 1). 
Here the geological party was met by one of the ship’s boats, and the 
first base camp was established. 

The geological map is based on compass-aneroid traverses and tri- 
angulation, and to some extent on field sketches and photographs. 
It can be deemed accurate, therefore, only to the limits imposed upon 
it by these methods. It is entirely original. 
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PHYSIOGRAPHY 
INTRODUCTION 


The fjord region of East Greenland is a country of great scenic 
beauty. The fjords are enclosed by high walls of rock in which 
brilliantly colored strata alternate with each other and present an 
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aspect even more spectacular than many western American canyons. 
The remnants of a high continental plateau end at the coast in spurs 
and rugged cliffs that guard the entrances of some of the deepest 
fjords in the world. Valley glaciers descend from the extensive inland 
ice-cap to the heads of the fjords, and furnish icebergs to a sea already 
crowded with pack-ice and floes that drift into this part of the Green- 
land Sea from polar regions. Small isolated ice-caps supply water to 
mountain streams, forming cascades and waterfalls of almost unpar- 
alleled grandeur. 

Musk-oxen range along the narrow valleys bordering the fjords, 
and Arctic hare and fox are common. The waters support many seals 
and their natural enemies, the polar bear. 

A geologist might also add, with equal enthusiasm, that it is a 
region of complex structures, perfectly exposed, and with delightful 
summer weather and twenty-four hours of daylight which compensate 
somewhat for the short summer season. 


RELIEF 


Ymer Island preserves, especially in the western part, remnants of 
the continental plateau, the surface of which lies at an elevation of 
over 4000 feet. The eastern part, which is underlain by Devonian 
sandstone, is much more dissected than the western part. 

The highlands consist of bare rock surfaces or coarsely broken, 
angular scree, depending to some extent on the nature of the exposed 
rock. Cliff faces are bare, but a great part of their lower slopes are 
buried in gigantic talus deposits. The valleys, where free from recent 
fluvio-glacial material, have a thin soil cover. 


DRAINAGE 


Deep stream valleys drain from both sides into Dusén Fjord and 
morphologically appear to be no younger than the streams which flow 
north into Franz Josef Fjord or south into Sofia Sound.? Most of 
these valleys support small valley glaciers. 

Streams draining from the local ice-caps in the western part of 
the island are younger than those in the east, being characterized by 
steep-walled canyons which terminate in great alluvial fans, or deltas, 
in the valley trough below, and end in cascades, or falls, near their 
sources. 

In addition to the valley glaciers mentioned above, the island sup- 
ports three local ice-caps of appreciable size, all in the west. . The 


2L. Koch: Remarks on the map of Dusén Fjord, Meddelelser om Groenland, vol. 74 (1930) 
p. 383-394, 1 fig. 
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largest lies south of the head of Dusén Fjord, the other two in western 
Gunnar Andersson Land, one on either side of Midnight Pass. 

In one respect the writers’ observations differ from those of Koch’s 
1929 survey (PI. 40, fig. 1). Their traverse across Gunnar Andersson 
Land now shows Midnight Pass entirely free of ice. A small exten- 
sion of the ice-cap east of the pass extends west almost into the valley 
of the northerly flowing stream, but during the summer of 1933 there 
was no ice mass on the north slope within this valley. Doubtless, in 
years when the precipitation of snow has been heavy, this valley was 
filled with the ice of this small glacier. 


GLACIATION 


Glaciation over the island as a whole has not been severe except 
in the western part where there is evidence of considerable ice-scour. 
The direction of striae indicates ice movement both west into Franz 
Josef Fjord and east into Dusén Fjord, the divide, which is the present 
height of land between east and west drainage within the valley 
trough, being between Lake Noa and Franz Josef Fjord. This trough, 
on the strike of Dusén Fjord, is approximately four and a half miles 
long and three miles wide. On the south it is bounded by steep cliffs, 
rising up over 2500 feet, and on the north by “Little Chocolate Moun- 
tain,” whose highest peaks rise to similar heights. The trough is 
occupied by several small bodies of water and is cut by many hog-backs 
and intervening swales. As will be shown later, the trough owes its 
presence to structural control, normal stream erosion, and oversteep- 
ening by glaciation. 

OTHER FEATURES 


Well-preserved raised beaches, most pronounced near the mouths 
of the fjords—although there are several fine examples near the head 
of Dusén Fjord—bear evidence of recent uplift of the coastal region. 

Vegetation on the island is sparse except in the valleys close to the 
fjords. Here, the three- or four-inch high vegetation is sufficient to 
support musk-ox grazing and abundant Arctic hare. 

The following conclusions were reached after a brief study of the 
physiography: 

(a) Active chemical erosion is of little importance, being chiefly 
confined to the zones covered by the vegetation. 

(b) Ice-wedging, which is tremendously important during the late 
spring and early fall (evidenced by the talus accumulations), is at 
a minimum during the summer, because of the dry climate and the 
uniformity of the season. 
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(c) Erosion is principally by glacial streams and ice-wedging. 

(d) Ice erosion (valley glaciation), which is actively engaged in 
lengthening most of the other fjords in the vicinity, has largely 
ceased on Ymer Island. At present, it is confined to a few local areas 
at high elevations in the western part of the island. 

(e) Ice covered the whole western part of Ymer Island after Franz 
Josef Fjord, on the west and north, and the eastern part of Dusén 
Fjord had been formed. 

(f) Stream evidence indicates that Dusén Fjord is probably no 
younger than the other fjord systems. 


GENERAL GEOLOGY AND STRATIGRAPHY 
GENERAL GEOLOGY OF THE FRANZ JOSEF FJORD REGION 
Franz Josef Fjord (and Nordenskiéld Glacier) extends in an easterly 
direction for 125 miles from the vicinity of Petermann Peak, and 
exposes a complete section of the main geologic divisions present in 
this region (Fig. 1). In this report these divisions may be grouped 
as follows: 


Tertiary lavas 
Post Devonian. ...J Mesozoic sediments 
Carboniferous sediments 
Devonian ......... Old Red Sandstone 
Lower Paleozoic 
and .. Franz Josef beds 
Pre-Cambrian 
Metamorphic complex. 


In addition to the strata mentioned above, numerous intrusions of 
granite (presumably of Caledonian age) are found in a belt, extending 
north from Cape Franklin, and a single intrusion, about 60 square 
miles in area, near Petermann Peak. 

In general, the rocks crop out in well-defined belts striking north- 
south and dipping gently seaward, so that the youngest beds are at 
the sea-coast, whereas, progressively older sediments are found to the 
west. 

THE METAMORPHIC COMPLEX 

The oldest rocks exposed in this region consist of a complex series 
of schists and gneisses, which are found in three zones, or belts, 
orientated more or less parallel to the regional trend of the sediments. 
West of the sedimentary belt, in the Petermann Peak area, rocks of 
this age are believed to underlie the inland ice. No rocks of the 
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Ficure 1.—Fjord region of East Greenland 
Showing the general distribution of the geologic formations 


Metamorphic Complex have been found in situ in this westernmost 
belt, and evidence rests on an accumulation of glacial boulders of 
garnet-mica schist and cyanite schist, found under the Nordenskidld 
Glacier, where it merges into the ice-cap. 
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Another belt (about fifty miles across) of the same metamorphic 
rock types is exposed between the west-dipping Franz Josef beds of 
the Petermann Peak area and the belt of folded Franz Josef beds 
which crosses western Ymer Island. On the west, the contact between 
these two important geologic groups is masked by the granite intrusion 
at Petermann Peak; on the east, the Franz Josef beds have been thrust 
westward over the Metamorphic Complex. 

On both shores of Musk-Ox Fjord, an inlier of metamorphic rocks 
is exposed as the core of an asymmetrical anticline. 

From Clavering Island, north, more or less on the strike of the 
anticline mentioned above, a great area of metamorphic rocks is 
exposed, bounded on the east and the west by Franz Josef beds and 
younger sediments. Similar rocks are exposed in the south along the 
Liverpool Coast. Insufficient data preclude any definite statement 
regarding either the age or the structure of the strata in these areas. 

The age of the Metamorphic Complex is controversial. What 
evidence there is points rather definitely to pre-Cambrian, possibly 
Archean, time. 

FRANZ JOSEF BEDS 

These beds comprise all of the sediments included between the 
Metamorphic Complex and the Old Red Sandstone. They are found 
outcropping in a belt about 25 miles wide, underlying the Old Red 
Sandstone on the west, and extending from Jameson Land to Queen 
Louise Land. This belt is repeated in the region of Petermann Peak, 
where Wordie and Whittard discovered sediments (the Petermann 
Series) which, lithologically at least, can be correlated with lower 
Franz Josef beds.‘ The two belts are more or less parallel, sepa- 
rated by about 50 miles of metamorphic rocks. Another belt, less 
continuous in outcrop, is known in the northeast, on the coast west 
of Shannon Island and on Store Koldewey Island. 

Lithologically these beds embrace a wide range of rock types. Inter- 
bedded black slate and gray, green, or rose quartzite characterize 
the lower formations, whereas colorful red-beds, green and yellow 
shale, and variegated limestone and dolomite make up the upper beds. 
These are the cliff-forming sediments of the inner fjord region. A 
more detailed description of the Franz Josef beds is given in a following 
section. The lower contact (the western contact of the main central 
belt) is marked by the shear zone of a major over-thrust toward the 
west, below and to the west of which are the rocks of the Metamorphic 
Complex. 


3M. M. L. Parkinson and W. F. Whittard: The geological work of the Cambridge expedition 
to East Greenland in 1929, Geol. Soc. London, Quart. Jour., vol. 87 (1931) p. 650-674. 
4 Ibid. 
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OLD RED SANDSTONE 


The Old Red Sandstone series of strata crops out in a belt lying 
immediately west of the post-Devonian rocks mentioned in the next 
section, and extends north from northern Scoresby Land into Hudson 
Land, where it is masked by the inland ice. The western (lower) 
contact roughly follows King Oscar Fjord, crosses the western half of 
Ymer Island, and continues north along the western side of North 
Fjord. The traverse across Gunnar Andersson Land was over rocks 
belonging to the lower formations of this system. The contact was 
crossed on the descent from Midnight Pass to Dusén Fjord. The 
strata rest with pronounced angular unconformity upon the underlying 
Franz Josef beds.» On Ymer Island the basal member consists of a 
boulder conglomerate, which is overlain by red and gray sandstone 
and arkose. Sandstone, shale, and arkose are the prevalent rock 
types, but the stratigraphic succession, as determined by Kulling,® 
varies at different localities and includes gypsiferous zones. Current- 
bedding, ripple-marks, rain-pitted surfaces, indicate shallow water, 
continental deposition. Where denudation has exposed the old land 
surface, in many places it is clear that the sediments were deposited 
over a surface characterized by extremely irregular topography. 


POST-DEVONIAN FORMATIONS 


The post-Devonian formations include Carboniferous sediments, 
Mesozoic sediments, and Tertiary lavas (basalts). All are confined 
to the coastal strip. 

The youngest rocks represented in the region consist of volcanic 
and intrusive rocks which belong to the Tertiary volcanic episode. 
The lavas contain interbedded Paleocene or Eocene sediments, and 
in the district from Cape Franklin, north, they rest upon a belt of 
granite which Koch? relates to the Caledonian. 

Mesozoic strata were discovered by Wordie in 1926 and named by 
Koch in 1929. Jurassic strata are known from numerous localities, 
of which Rosenkrantz* has made Jameson Land the type locality. 
Other important localities are known from Cape Franklin, north. 

Carboniferous sediments are found mostly south of the region under 
discussion, being best exposed in eastern Scoresby Land and on the 
southern part of Traill Island, although Rosenkrantz described Lower 


5 Ibid. 

6 Oskar Kulling: Stratigraphic studies of the geology of northeast Greenland, Meddelelser om 
Groenland, vol. 74 (1930) p. 317-346. 

7J. M. Wordie and W. F. Whittard: A contribution to the geology of the country between 
Petermann Peak and Kjerulf Fjord, East Greenland, Geol. Mag., vol. 67 (1930) p. 145-158. 

8A. Rosenkrantz: Summary of investigations of younger Paleozoic and Mesozoic strata along 
the east coast of Greenland in 1929, Meddelelser om Groenland, vol. 74 (1930) p. 349-364. 
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Carboniferous at Cape Humbolt on Ymer Island and on the north 
coast of Hold-with-Hope. The same author describes gypsiferous 
strata of probable Lower Carboniferous or Upper Devonian age, on 
the north coast of Hold-with-Hope, on the south coast of Clavering 
Island, and west of Cape Franklin. 


STRATIGRAPHY OF THE PRE-DEVONIAN ROCKS 


The basal (western) contact of the Old Red Sandstone crosses Ymer 
Island from north to south, about five miles east of the actual head 
of Dusén Fjord. Because of the easterly dip this contact swings west 
over the highlands of western Gunnar Andersson Land. Traverse 
through Midnight Pass was over Devonian arkose and sandstone. 
The basal conglomerate, and the upper contact with the upper blue 
limestone, was crossed on the descent to Dusén Fjord. West of this 
contact the island is underlain by the pre-Devonian sedimentary series 
listed above under the Lower Paleozoic and pre-Cambrian (Franz 
Josef beds). 

These sediments were first discovered by the German Arctic Expe- 
dition of 1869-70, but no name was given to them. Nathorst in 1901 
assigned the term “Silurian (Cambrian?)” to all of the rocks between 
the Old Red Sandstone and the Metamorphic Complex. Seeing the 
need of a general name for these sediments, Wordie, in 1927, proposed 
to call them “The Franz Josef Beds.” In 1929, Koch rejected Wordie’s 
name and suggested instead the “Eleonoren Bay formation.” Since 
then, however, there has been some confusion concerning just what is 
meant by Koch’s term; hence, in the present paper, Wordie’s name is 
retained and used as it was originally intended.® 

Although this investigation is primarily concerned with the structure 
of these beds, it was necessary to obtain a section in order to determine 
the structure. The basis of the division is lithological,° as most of 
the formations are nonfossiliferous. The section is compiled from, 
and includes, all the formations which are exposed west of the Devo- 
nian beds along Dusén Fjord and the valley which extends west to 
Blomsterbukta. 

As none of the described localities in other parts of the fjord region 
was visited, it seems inadvisable to attempt to correlate these forma- 
tions with the type sections given by previous investigators. Conse- 
quently, local names have been given to the formations concerned. 


®M. M. L. Parkinson and W. F. Whittard: The geological work of the Cambridge expedition 
to East Greenland in 1929, Geol. Soc. London, Quart. Jour., vol. 87 (1931) p. 650-674. 

10 Petrographic analyses have been made of specimens from all the strata studied. These 
are catalogued and will be kept in the Geological Museum at Harvard University. 
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In the case of the thinner upper formations, lithological names, for 
the most part, have been assigned. The succession is as follows: 


Lower Devonian conglomerate 
Unconformity 


Massive blue-black limestone with hein Ectomaria, 
and Holopea. 
Bright red and yellow-weathering limestone and quartzite 
| with red and green calcareous shale. 
Massive blue-black limestone. 
Red slate with red and yellow shale and slate near the top. 


Massive blue-black limestone; lower third weathers to bright 
buff yellow. 
Red slate with thin green beds near the base and a thick 
series of green dolomitic or calcareous slate and arenaceous 
slate near the top. 
| The lower third consists of two massive gray quartzite mem- 
bers; the upper two thirds of quartzite members of decreasing 
thickness, with interbedded black slate. 
Black slate and dolomitic shale, with central members of 
massive gray quartzite. Black pisolitic limestone near top of 
the lower shale members. Contains Stdneyia groenlandica n. sp. 
Massive gray quartzite with green dolomitic quartzite mem- 
bers near the top. The lower members are often distinctly rose- 
colored. 
Thin cross-bedded quartzite with interbedded black shale and 
slate (probably in part dolomite); quartzite predominates. 
The lowest exposed members consist of massive gray quartzite; 
the upper member, of green dolomitic quartzite. 


450 


? Middle Ordovician 


1600 


1200 


? Middle Cambrian 


| 
3000-+ 


DESCRIPTIONS OF FORMATIONS 

Blomsterbukta quartzite-shale—These are the oldest rocks exposed 

in the limited area now under discussion and are found only on Franz 

Josef Fjord around Blomsterbukta (Pl. 43). Because of repeated 

faulting and lack of positive horizon markers, correlation within the 

series (between different fault blocks) and also in the overlying Noa 
Lake quartzite is somewhat uncertain. 
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The reconstructed section shows massive gray quartzite at depth, 
which grades up into black arenaceous shale and slate with thin-bedded 
quartzite members. These are overlain by thick series of thin-bedded 
quartzites, and interbedded black shale again becomes prominent in 
the upper part of the section. The uppermost members consist of black 
dolomitic shale and, locally, green dolomitic quartzite. 

Cross-bedding and small current ripples characterize the quartzite. 
Most of it is gray or brownish-gray in color, and most of the shale 
and slate is black, but both tend to weather with brown or dull 
reddish-brown surfaces. 


Noa Lake quartzite—Overlying the upper quartzite and shale of 
the Blomsterbukta series are 1200 feet of quartzite. In the mountain 
wall southwest of Noa Lake, where this formation is excellently 
exposed, the type section shows dark, rose-colored, dolomitice quartzite 
near the base, which grades up into pink and gray quartzite near the 
top. The upper beds are gradational into the overlying Ymer forma- 
tion. The intermediate beds consist of green calcareous quartzite 
and gray (sideritic?) quartzite with small clay galls and black shale 
inclusions. 

Elsewhere, where this formation is exposed around Noa Lake, the 
rose color fails to persist, and the formation consists of medium-grained 
gray quartzite, often with a faint pinkish color. Fine cross-bedding 
is characteristic of the formation. 


Ymer formation—The Ymer formation, estimated to be about 1600 
feet thick, is composed mostly of black shale and slate, although, 
near the center of the formation, thick beds of massive gray quartzite 
assume a total thickness approximating 200 feet. The black shale 
of the lower part of the formation contains subordinate seams and thin 
beds of dolomite and dolomitic shale, and near the base of the central 
quartzite there is a recurrence of the gray, cross-bedded (sideritic?) 
quartzite overlain by a bed of black pisolitic limestone. As glacial 
boulders of this limestone were found elsewhere on the island, it may 
be a good horizon marker. 

A single fossil merostome Sidneyia groenlandica n. sp. was found 
in the black shale. On the basis of this discovery and because known 
Lower Cambrian beds underlie the lowest strata considered in this 
report, the age of the Ymer formation is tentatively assigned to the 
Middle Cambrian. 

Mud-cracks are exceptionally well preserved in the shale, and some 
of the beds contain nodules of crystalline limestone, ranging up to 
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Figure 1. Map rrom Kocu Report on DusEN Fsorp 


Figure 2. GIant OSCILLATION RIPPLES 
Quartzites of the Hidden Valley formation, best exposed between ‘‘Big Chocolate” and ‘Little 
Chocolate’ mountains. Average size of ripples is 18 inches from crest to crest and 3 to 4 inches 
deep. Asymmetry of some of the ripples has been caused by glacial scour which has planed off 
the northwest side of the crest—the ice (locally) having moved from northwest to southeast. 
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15 inches in size, which resemble mud balls that have been distorted 
and flattened by compression. 


Hidden Valley formation—Lithologically, the Hidden Valley for- 
mation resembles the underlying Ymer formation except that the 
number and the total thickness of the quartzite members are propor- 
tionately much greater. Of the total thickness of about 1000 feet (the 
true thickness is exaggerated by local folding) the lower 300 feet is 
composed of two massive gray quartzite beds, separated by a relatively 
thin bed of shale. Above these basal quartzites, alternating beds of 
quartzite and black, fissile shale and pencil slates become progressively 
thinner and more numerous, with the quartzite predominating. 

Two structural features characterize exposures of this formation in 
the field. The first is that of giant oscillation ripples (Pl. 40, fig. 2) 
which are perfectly preserved by certain of the quartzite beds, and 
which are best exposed in Hidden Valley, where these rocks crop out 
over a wide area between “Big Chocolate Mountain” and “Little 
Chocolate Mountain” (Pl. 41). The other is the distinctive type of 
incompetent folding whereby the quartzite members have been drag- 
folded whereas the intervening shales have suffered thickening and 
thinning. The latter phenomena characterize this formation in all 
the mountain walls where they can be seen in section. 

Thin beds of green arenaceous slate mark the separation between 
this formation and the overlying red beds. 

These lower 6000-7000 feet of sediments comprise the dark colored, 
and for the most part weaker, rocks. The Ymer formation is the 
most conspicuous in color. They are found mostly at low elevations 
within the valley. The remaining (upper) 3100 feet of sediments are 
those which include the beds most resistant to the erosional agents 
here operative. They include the colorful strata which go to make up 
the great cliffs of the inner fjord region. The lower division is mostly 
arenaceous, the upper division mostly calcareous. 


Lower red beds.—The lower red beds are approximately 550 feet 
thick, the lower two-thirds consisting of platy, maroon-colored slate 
with some lenses of quartzite. Near the top of the red beds there is 
a bed of white quartzite, two to five feet thick, which is a persistent 
horizon marker. Above this the formation consists of red and green 
arenaceous slates, in part calcareous, with laminations of limestone 
or dolomite. It is best exposed on the west end of “Little Chocolate 
Mountain.” 


Buff limestone —The buff limestone consists of massive limestone, 
estimated to be about 450 feet thick. In cliff sections the upper two 


| 
| | 
| 


476 =A. B. CLEAVES, E. F. FOX—GEOLOGY OF YMER ISLAND, GREENLAND 


thirds of this formation appears as massive, blue-gray walls, whereas 
the lower third, also blue-gray on the fresh surface, weathers to a 
bright buff-yellow. 

This and the following formations are best studied in “Little 
Chocolate Mountain” and in the region at the west end of Dusén 
Fjord. 


Upper red beds.—The upper red beds, estimated to be about 775 
feet thick, separate the buff limestone and the overlying lower blue 
limestone. In most respects, the formation resembles the lower red 
beds, but is distinguishable from them in the upper part of the 
section by the presence of interbedded yellow slate and shale, and by 
the absence of the white quartzite horizon marker and other inter- 
bedded arenaceous beds. The color difference is persistent over the 
area mapped. 


Lower blue limestone.—This formation is composed of about 450 feet 
of massive, lead-gray to blue-black limestone, which, on the weathered 
surface, exposes sharp, irregular chert nodules. In general, it is intri- 
cately seamed with calcite stringers. No known lithological feature 
distinguishes it from either the upper part of the buff limestone or 
the upper blue limestone. 


Painted formation—The Painted formation is the most colorful 
of all the sedimentary series. The total thickness is estimated as 
approximately 450 feet, but the detailed stratigraphic sequence is not 
well known. The upper beds consist of yellowish-gray limestone 
(locally breeciated), which weathers to a rich yellow, with interbedded 
gray (brown weathering) quartzite. These beds are underlain by 
green shale, yellow limestone, and black paper shale. Lower in the 
formation are thin beds of blue limestone, more brown (red weathering) 
quartzite, and thick beds of yellow limestone. Elsewhere, the section 
shows alternating thin beds of bright yellow and red limestone with 
red and green shale partings. 

Color and the rapid change of sedimentary types serve to identify 
the Painted formation. 


Upper blue limestone——This is the uppermost formation of the 
Franz Josef beds and consists of about 450 feet of black, bedded 
limestone. Faint lines of stratification and fine, small scale cross- 
bedding suggest that, in part, it is somewhat arenaceous; this is 
reflected, also, in platy and blocky weathered surfaces. Cherty, egg- 
like nodules, which weather white, charcterize certain zones. Else- 
where, whole series of beds weather from black to light gray. The 
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change follows, in part, certain beds, but is not wholly related to 
bedding planes, which suggests possible selective dolomitization. 

Three small gastropods were collected from this formation. All 
of them have well-developed spires and suggest Middle Ordovician 
age. In no case, however, are they sufficiently well preserved to 
justify a specific identification. 

Farther to the east, along Dusén Fjord, where this formation is 
overlain by the basal conglomerate of the lower Devonian, the forma- 
tion loses many of its characteristic features and resembles more 
closely the lower blue limestone. 

The upper part of the buff limestone, the lower blue limestone, and 
the upper blue limestone all closely resemble each other in the field. 
This is especially true with respect to the white calcite stringers, which 
are so conspicuous a feature of all, and which are secondary and 
necessarily a result of deformation rather than a consequence of 
sedimentary processes. 

Most of the sediments are mildly metamorphosed, but, except for 
the development of platy minerals along the bedding and parting 
planes in the argillaceous rocks, this is reflected more by secondary 
structures than by mineralogic changes. 


STRUCTURE 
GENERAL STRUCTURE OF THE FRANZ JOSEF FJORD REGION 


Beginning with the oldest strata exposed, and considering each suc- 
cessively younger division in order, one finds the following general 
structural features. 

Within the Metamorphic Complex the prevailing structure indicates 
deformation in the zone of flow. Major structures show asymmetrical 
folds, the axial planes of which dip east. The dominant horizontal 
stress presumably has been rotational, operating from east to west, 
resulting in relative westward movement of the near-surface rocks. 
Evidence of regional metamorphism is present. 

Similar structures prevail in the overlying Franz Josef beds, but 
here deformation has been less intense. Drag folds are common, and 
may well have resulted from stress conditions similar to those described 
above. Thrust faulting, however, is the structural feature which has 
been described as being most characteristic of this division. In some 
instances the faults are related to the drag folds, whereas in other 
cases there is no such relationship.1: This type of failure culminates 
in a major thrust system, inclined 28° east, which separates the Franz 


1M. M. L. Parkinson and W. F. Whittard: op. cit. 
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Josef beds from the underlying Metamorphic Complex, and which, 
according to Parkinson and Whittard, involves 1000 feet of rock in 
the zone of shear. There is relatively little regional metamorphism 
of the Franz Josef beds. The same authors offer good evidence to 
show that the thrusting is definitely later than the regional meta- 
morphism of the Metamorphic Complex. 

As described above, rocks of these divisions are found exposed in 
broad belts aligned north and south, and there is a three-fold repeti- 
tion of these belts between the sea and the inland ice. Furthermore, 
wherever the contact between the two divisions has been examined 
there has been found evidence of thrust faulting. This leads Parkinson 
and Whittard to suggest the possibility of regional imbrication during 
Caledonian deformation. 

It is interesting to note in this connection that most of the granite 
intrusions, which, according to Lauge Koch,!* are also of Caledonian 
age, are more or less aligned along these contacts."* 

The structure of the Devonian and the post-Devonian formations is 
characterized by gentle, open folds, again presumably a result of east- 
west compressive stress, but nowhere is deformation as severe as in 
the older formations. 

Superimposed upon this set of structures is a system of normal faults, 
which is, in part, older than the Devonian, but which also transcends 
the Devonian and offsets formations within the Old Red Sandstone."* 
On Ymer Island, where observed by the writers, these faults trend 
in an east-westerly direction and dip steeply north, with later subordi- 
nate faults trending northwest-southeast. According to Koch’s map, 
however, there is little parallelism in the fault pattern over the region 
as a whole.*® 

In the eastern part of the region under discussion, Koch describes 
structures presumably younger (Permo-Carboniferous) than those 
heretofore discussed, possibly excepting the post-Devonian faults. 
Briefly, these consist of north-south faults and associated flexures. 
Two major faults are emphasized. One crosses Ymer Island from 
north to south, swings somewhat west, and follows the west coast of 
Traill Island. The other follows the east coast from Germania Land 
to Jameson Land. According to Koch, movement along these faults, 
especially in the south, occurred during Permo-Carboniferous and 


1221. Koch: The geology of East Greenland, Meddelelser om Groenland, vol. 73 (1929) p. 135-154. 

18“‘Are the granites really of Caledonian age, and if so are they syn-orogenic elements or are 
they post-orogenic intrusions as may readily be read from the map?’”’ See H. G. Backlund: 
Meddelelser om Groenland, vol. 74 (1930) p. 207. 

14H. G. Backlund: Meddelelser om Groenland, vol. 74 (1930). 

WL. Koch: The geology of East Greenland, Meddelelser om Groenland, vol. 73 (1929) p. 153-154. 
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Tertiary times. This is one of the structural lines involved in the 
hypothesis of regional (Caledonian) imbrication, and if this hypothesis 
is retained one must accept the obvious conclusion that there has been 
movement along the same zone of weakness at different times from the 
Silurian to the Tertiary. 

The Tertiary volcanic activity is closely related to the easternmost 
fault, the distribution of the flows being near, and east of, the fault 
line. According to Backlund, this activity was preceded by intensive 
block-faulting east of the Permo-Carboniferous fault line. 


STRUCTURE OF THE WEST END OF YMER ISLAND 


If the western part of Ymer Island and southeastern Andrée Land 
were unfaulted, the remaining folded structure would be broadly anti- 
clinal or domical with few superimposed folds over the eastern half 
of the arch. On the western side of the arch, where these beds become 
involved in the major thrust described above, intense folding involves 
all the Franz Josef beds. This western zone of intense folding (in 
Andrée Land) was not included in the present investigation, wherefore 
attention is confined to the eastern half of the arch. 

Of the Franz Josef beds involved, three sections act as structural 
units. The 4200 feet of massive quartzites in the lower part of the 
section and the massive limestones in the upper formations (forma- 
tions 6, 8, 9,10) comprise the competent units of folding. The middle 
section, about 3100 feet thick, and composed mostly of shale (forma- 
tions 3, 4, and 5) is the weak, or incompetent, unit.'® 

Except locally (keeping in mind only the folded structure), the 
competent units have been subjected only to gentle arching. Quite 
the contrary is true of the weak middle section. Here are contorted 
structures, drag folds, and recumbent over-folds, indicating that the 
upper competent limestones have overridden the lower massive quart- 
zite units, and that the zone which has sustained this movement has 
been the weak middle section. The shales bear evidence of this move- 
ment, showing secondary structures, fracture and flow cleavage, and 
by thickening and thinning between formational members. The inter- 
bedded quartzites have been dragged into the intricate fold system 
mentioned above. Because structures, except fracturing, are readily 
lost in the thick shale formations the most striking evidence of this 
deformation is afforded by the interbedded shales and quartzites of 
the Hidden Valley formation. 


16 There is, of course, abundant evidence of local, competent and incompetent folding in all 
three units, due to the rapid change of sedimentary types, but the broader regional units are being 
discussed. 
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There is, therefore, evidence of tectonic disconformity ‘* within the 
series of Franz Josef beds, which are stratigraphically conformable, 
but this structural discordance involves more or less the whole of the 
middle section and is not necessarily confined to its upper and lower 
zones, as suggested by Backlund. 

Although tectonics of the nature just described are closely analogous 
to thrusting, there are no actual thrust faults of major proportions 
in the area mapped by the writers. Minor thrusts, of no great dis- 
placement and involving only small rock units, have developed in the 
upper limestones on both sides of Dusén Fjord, near its head. These 
thrusts may be a part of the general strain resulting from the east-west 
compressive forces. 

Normal faulting is the most conspicuous structural feature of the 
western part of Ymer Island, and especially of that part included in 
the great east-west valley of which Dusén Fjord is a part. Two 
intersecting sets of faults comprise the normal fault system. One set 
trends northwest-southeast and consists of steeply dipping, nearly 
vertical, fractures along which there has been some displacement. The 
second set, however, dominates and consists of nearly parallel faults 
which strike east-west, or slightly south of east, parallel to the vend 
of Dusén Fjord. Practically all these faults have an average dip of 
about 65°N, and in almost every case the north block has moved 
downward relative to the south block.*® The throw of any single fault 
of the east-west set is generally to be measured in hundreds of feet, 
whereas several of the more important ones have apparent vertical 
displacements of from 1500 to 3500 feet. The true components of 
movement remain unknown inasmuch as we have no knowledge of the 
horizontal component (strike shift) involved along any fault. 

There is, then, within this fault zone, a series of step faults with the 
down-throw side generally to the north. This is especially true of the 
section across the west end of the valley. The section across the west 
end of Dusén Fjord shows more complicated relationships. Here, 
there is a tendency for branch faults to develop, possibly utilizing 
certain of the northwest-southeast sets of breaks, and there is, in 
general, a closer spacing and obviously less parallelism between fault 
planes. Here, strictly speaking, there is more nearly a true fault zone. 

Faults are most closely spaced either along, or immediately to one 
side of, the lowest part of the valley floor, and their strike is parallel 


17 Note the tectonic disconformity between the lower red beds and the Hidden Valley forma- 
tion—photograph, Pl. 41, Little Chocolate Mountain as an outlier. 

18In cases where the attitude of the fault has not been actually measured in the field, that 
fault has been marked with a query in the structure sections. 
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to the trend of the valley. In other words, the zone of most intense 
faulting coincides with the valley trough, although there is consider- 
able relief between the various fault blocks within the valley. On 
either side of the valley a major fault parallels the cliffs which termi- 
nate the highlands to the north and south. It is not known that 
faulting is common in these highlands. No important faults were 
observed along the traverse over Midnight Pass, but as this traverse 
was over Devonian rocks it might be assumed that most of the 
faulting herein described is pre-Devonian.® 


ORIGIN OF THE FJORDS 


The fjords of northeast Greenland, especially the complex Franz 
Josef-King Oscar system, and Scoresby Sound, are among the largest 
and deepest of such land forms known. They so completely dominate 
the coastal physiography that the problem of their origin is one of 
the first to challenge him who would attempt to understand the geology 
of East Greenland. Are they an expression of simple valley glaciation 
modifying original stream valleys, and, if so, what is their relationship 
to the continental ice-cap? Are they partly or wholly tectonic? What 
is their age? These questions demand a review of the general features 
of the coastal physiography. 

The outstanding geomorphologic element of the coastal region is 
a peneplain, rising in places to 8000 feet and truncating all the geologic 
formations from the Metamorphic Complex to, and including, the 
Tertiary (Eocene) lava flows. Although there is no precise method 
of dating this erosion surface, Wager ”° believes, judging from the great 
amount of subsequent erosion, that the main uplift of Greenland 
occurred in the Miocene. This tentatively dates the age of the erosion 
surface as early Miocene. Into this surface the fjords are incised. 
They intersect all the geologic formations present. Their direction 
portrays no systematic regional pattern, although certain directions 
are more favored than others. They all drain directly or indirectly 
to the sea, and most of them are now suffering headward erosion by 
stream valleys. 

In places, as, for instance, the east-central part of Ymer Island, or 
the country along the thrust contact between the Franz Josef beds 
and the Metamorphic Complex in Andrée Land, or still farther west 


1% Backlund describes a similar system of step faults in Hudson Land, which are of pre- 
Devonian, as well as post-Devonian, age. The only fault which offsets Devonian rocks (mapped 
by the writers) strikes north-south and may, therefore, belong to the later north-south set, 
which is well known on the eastern part of the island. 

2L. R. Wager: The age and form of the Greenland ice cap, Geol. Mag., vol. 70 (April, 1933) 
p. 10. 
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in the Petermann Peak region, the plateau is dissected to form rugged 
mountain topography. The valleys which dissect it drain to the 
fjords. According to Backlund, the tributary valleys farthest west 
debouch at sea level, but in the marginal part of the plateau area 
hanging-valleys are common. In the east the valleys also descend 
to sea level, although there are hanging representatives among them.” 
These valleys, however, are of secondary importance as compared to 
the fjords. 

In a region where glaciation is, and has been, tremendously impor- 
tant the temptation is strong to accept the hypothesis of valley glacia- 
tion as the sole cause of fjord development. Opposing such an idea 
is the postulate that the principal cause is one of simple stream 
erosion supplemented by valley glaciation. In addition to the two 
preceding theories the possibility of structural origin must also be 
entertained. The fact that this area in the past has been involved 
in tectonic disturbances of paramount importance, in addition to gla- 
ciation and stream erosion, provides evidence, on both sides, of the old 
controversy on the cause of fjord development, glaciation versus 
faulting. 

The mountainous portions of the ice-free plateau, with the exception 
of some of the highest peaks, have been ice-sculptured under former 
extensions of the inland ice and by detached mountain glaciers which 
have operated since or are still operating. Evidence of this action, 
both in the past and in the present, is abundant. 

Such features are most conspicuous along mountainous portions of 
the coast where the ice-free zone is narrow. What is most obvious in 
the Franz Josef Fjord area, where there has been greater recession of 
the inland ice, is the magnitude of fjord development, and the fact 
that practically all the important fjords now serve as outlets for the 
interior ice. This ice moves down as valley glaciers, deepening the 
valleys in which it rides, and hence lengthening the fjords into which 
it discharges. The obvious inference is that the entire fjord is only 
the trace of, and has resulted from, the agent which is still actively 
eroding it headward, just as the gorge below a waterfall is the result 
of the process of erosion operating at the fall line. 

In spite of such evidence, it is not believed that glaciation alone 
is responsible, or is even the prime agent in cutting the fjords to sea 
level some 3500 feet below the continental plateau. 

Lauge Koch and Backlund have both supplied evidence from proved 
faults that at least some of the great fjords of this area owe their 


21H. G. Backlund: Meddelelser om Groenland, vol. 74 (1930). 
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orientation to regional faults. Koch, in particular, has marked a 
series of normal faults of Caledonian age, which runs parallel to the 
present fjord coasts; viz., Antarctic Sound (east-west), Kempe Fjord 
(east northeast-west southwest), Narwhal Sound (east southeast-west 
northwest), and Segelsallskapet Fjord (east-west). He also describes 
a major east-west fault of post-Devonian age on the south side of 
Ymer Island. 

In Hudson Land, Backlund has reported actual systems of normal 
step-faults, of both pre-Devonian and post-Devonian age, which are 
remarkably similar to the structures prevailing on Ymer Island. He 
describes two sets, one of which runs east-west, parallel to the middle 
part of Muskoxfjord, and the other, parallel to North Fjord. In both 
cases, the areas now occupied by these fjords have suffered the greatest 
downfaulting (the fjord trough in each case is a graben). Backlund’s 
calculation of the throw on these faults corresponds, more or less 
closely, with the average throw measured on the faults which run 
parallel to Dusén Fjord on Ymer Island. 

In Ymer Island, Dusén Fjord is obviously related to the east-west 
fault zone previously described. Here, the fjord bottom is not con- 
tinually subsiding, as Backlund postulates. The north blocks are suc- 
cessively down-faulted, and on the basis of the faulting alone, forma- 
tions of the high plateau of Gunnar Andersson Land have been lowered 
several hundreds, and possibly several thousands, of feet below the 
corresponding formations in the valley of Dusén Fjord and Noa Lake. 
The faults do definitely control the direction of the fjord, but only 
indirectly, for it is believed that the Miocene erosion surface would 
have completely destroyed any pre-existing fault valley. Any fault 
is a line of weakness for erosional attack, and a zone of closely spaced 
minor faults (such as exist on Ymer Island), if persistent, is more 
susceptible to erosion than single major faults. Considering the rela- 
tive age of the faulting and the probable age of the plateau surface, 
one finds that the possibility of any relationship between the fjord 
and the relative movement along the faults is remote. 

It is interesting to note that along the fault which bounds Ymer 
Island on the south, the south block has moved down. Antarctic 
Sound now occupies this down-faulted area. The east-west step-faults 
across Ymer Island have lowered successively each north block, the 
faults being roughly parallel to Franz Josef Fjord, on the north. This 
suggests that possibly Antarctic Sound and Franz Josef Fjord are 
both fault valleys. Dusén Fjord, in comparison, is relatively under- 
developed because it is dependent upon a fault zone only as a zone 
of weakness and has been favored by no sinking or sunken bottom. 
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To the extent that fault valleys (grabens) are responsible for deter- 
mining the loci of fjord formation, as they may be in the case of 
Muskoxfjord and North Fjord, these valleys are earlier than the early 
Miocene erosion surface. If one assumes that these valleys were not 
buried beneath the Devonian and later sediments, as were most of the 
drainage channels of the old Franz Josef surface, it is reasonable to 
entertain the idea that they may have existed and served as channels 
for the transportation of Carboniferous sediments, as Backlund postu- 
lates for the outer reaches of Franz Josef Fjord. 

Backlund assumes that, because of the homologous morphology of 
the fjords and the analogous structures of their walls, they have under- 
gone similar development, and that what is valid for one (as regards 
origin) is valid for all. The writers believe that this is true only as 
it applies to the later phase of ice sculpture, which generally has erased 
many structural forms (scarps) which the ice may have followed. 

The conclusion one reaches in the field is that the fjords, referring 
particularly to Dusén Fjord, have followed lines of faulting, but that 
they are chiefly erosional features, and the principal active agent in 
their formation, is, and has been, stream erosion.” Pre-glacial stream 
erosion probably played an important part in initiating the fjords. 
These streams sought out the zones of weakness (in the case of Ymer 
Island, the fault zone which bisects the island) and established the 
gorges subsequently modified and oversteepened by glaciation. It is 
inconceivable to imagine ice erosion as being the sole agent in cutting 
the fjords to depths of over 3500 feet. In those cases where fjords 
can be shown to be grabens, faulting may be accepted as the principal 
factor. Where faulting cannot be ascertained as the cause of fjord 
location and direction, stream erosion readily explains them, espe- 
cially those whose direction is transverse to the direction of ice advance. 

It is very possible that the streams initiated the fjords during the 
Miocene or the Pliocene, and that the chief erosive action took place 
during, and since, the Pleistocene. 


2 Essentially the same explanation for the origin of fjords in this region has recently been 
advanced by J Harlen Bretz: Physiographic studies in East Greenland, Am. Geogr. Soc., Spec. 
Publ. no. 18 (January, 1935) p. 228. 
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DESCRIPTIONS OF FOSSILS 
? Middle Cambrian 


XENOPODA 


Sidneyia groenlandica n. sp. 
(Plate 42, fig. 1) 

One specimen of this arachnid ** was collected from the black shale 
of the Ymer formation. The part preserved consists of the abdominal 
region and shows eight segments. The first segments of the abdomen 
and the terminal segment are missing. The anterior portion is broad, 
the first segment preserved being 102 millimeters wide and 10 milli- 
meters long, but the rest of the abdomen tapers rapidly, the next to 
the last segment being 20 millimeters wide and 50 millimeters long. 
All the segments terminate in bluntly rounded ends, and there is a 
slight curvature forward in the anterior segments. In none is the 
lateral posterior margin produced backward in a point. The anterior 
portion of each extends forward under the segment in front of it, and 
the articulation furrows may be faintly seen. 

The general characteristics of the specimen show its similarity to 
the eurypterida. In particular, the especially broad anterior and the 
narrow posterior portions of the abdomen, in addition to the short 
anterior and the long (more nearly square) posterior segments are 
features known in the genus Sidneyia. 

The specimen is somewhat distorted because of the metamorphism 
of the rocks of the region. Consequently, any finer surface features 
that may have been present are absent. Although the preservation of 
this specimen is poor, the characteristics observed seem to be strong 
enough to ally it to the genus Sidneyia, and, because of the location of 
its discovery, it is given the specific name groenlandica. 

Locality.—West end of Ymer Island, about one mile north of Blom- 
sterbukta. 

(Museum of Comparative Zoology (Harvard University) , No. 3225.) 


? Middle Ordovician 
GASTROPODA 


Lophospira sp. ind. 
(Plate 42, fig. 2) 
Medium-sized shell, with moderately elevated spire and closely coiled 
whorls. The whorls are angular on the periphery. The aperture is 


%C. D. Walcott: Cambrian geology and paleontology, 11, Smithsonian Mise. Coll., vol. 57 
(1914) p. 21-27. 
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holostomatous; details of the outer lip, obscure. The total height of 
the shell is about 13 millimeters; width of body whorl, about 9 milli- 
meters, and length of body whorl, 4 millimeters. Apical angle, about 
61 degrees. 

This shell bears a striking resemblance to the genus Lophospira and 
is tentatively assigned to that genus. 

Locality—North end, Midnight Pass, upper blue limestone, Ymer 
Island. 

(Museum of Comparative Zoology (Harvard University), No. 
27917.) 

Ectomaria sp. ind. 
(Plate 42, fig. 3) 


cf. Ectomaria prisca (Billings) ** 


Elongate shell, high-spired, with four rounded whorls showing. The 
original shell structure has been replaced by silica and much of the 
surface has been removed, but enough remains to show a slit-band, 
bounded on each side by a slightly elevated line. The whorls are 
about twice as wide as high (10 millimeters and 5 millimeters, and 13 
millimeters and 7 millimeters). The apical angle is about 37 degrees. 
Total height of shell, as preserved, 28 millimeters. Aperture, not 
observed. 

Locality —North end, Midnight Pass, upper blue limestone, Ymer 
Island. 

(Museum of Comparative Zoology (Harvard University), No. 
27916.) 

? Holopea sp. ind. 
(Plate 42, fig. 4) 


Small shell, 3 millimeters high and 3 millimeters wide through the 
body whorl. There are three slightly ventricose whorls, enlarging 
rapidly toward the aperture. The spire is moderately elevated; apical 
angle, 45 degrees. The specimen consists of a siliceous cast the surface 
of which is smooth. This form closely resembles Turbo? obscura of 
Hall, from the Beekmantown of New York. 

Locality.—North end, Midnight Pass, upper blue limestone, Ymer 
Island. 

(Museum of Comparative Zoology (Harvard University), No. 
27915.) 

% Elkanah Billings: Fossile of the Calciferous Sandrock including those of a deposit of white 


limestone at Mingan, supposed to belong to the formation, Canadian Nat. and Geol., vol. 4 
(1859) p. 360, fig. 8; Geol. Surv. Canada (1863) p. 119, fig. 30. 
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FOSSILS FROM YMER ISLAND, EAST GREENLAND 
Figure 1, Sidneyia groenlandica, Cleaves. About one mile north of Blomsterbukta. Im- 
pression of abdominal region, showing outlines of several segments. X 1. 
Figure 2. Lophospira sp. ind. North end, Midnight Pass. Medium-sized shell with mod- 
erately elevated spire and close-coiled, angular whorls. X 2. 
Figure 3. Ectomaria sp. ind. North end, Midnight Pass. Elongate shell, high-spired with 
four rounded whorls—slit band. X 1. 


Figure 4. ? Holopea sp. ind. North end, Ymer Island. Small shell with three slightly 
ventricose whorls. X 6. 
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10-Upper Blue Limestone - 450 feet. 

9- Painted Formation 450 feet. 

8- Lower Blue Limestone- 450 feet 

7- Upper Red Beds - 775 feet. 

6- Buff Limestone - 450 feet. 

5- Lower Red Beds — 550 feet. 

4- Hidden Valley Formation —- 1000 feet 

3- Ymer Formation — 1600 feet. 

2-Noa Lake Quartzites — 1200 feet. 
1-Blomsterbukta Formation- More than 3000 feet 
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VICINITY OF PEPPERTREE CANYON 


Airplane photograph showing detailed mapping of the area. Qsp — San Pedro formation; 
Psb--Santa Barbara formation. Younger alluvial deposits omitted in order to avoid confusion. 
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INTRODUCTION 


In July, 1933, while engaged in detailed mapping between Ventura 
and Santa Paula, California, the writer discovered a condition which 
should be of general interest to all geologists and paleontologists— 
namely, a surprising lateral change from southwest to northeast in the 
fauna of the upper 1000 feet of the Santa Barbara formation. The 
previous failure to recognize this condition has lead to erroneous 
mapping and correlation and, consequently, to incorrect structural inter- 
pretation. A brief discussion of the stratigraphy of the region will be 
necessary in order to explain this condition. 

The area is located in the Ventura Hills, which lie just north of the 
Santa Clara Valley of southern California, 10 miles south of the east- 
west trending Santa Ynez-Topatopa Mountains (Fig. 1). It is about 
55 miles northwest of Los Angeles. 


* Manuscript ived by the Secretary of the Society, July 10, 1934. 
(489) 
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In the latter part of Lower Pleistocene time this area was near the 
center of a narrow geosynclinal basin, the Ventura Basin, in which 
accumulation of the thickest section of Pliocene and Pleistocene marine 
sediments known in the world had just finished. Shortly thereafter a 
major diastrophic movement, the main Coast Range Revolution, 
strongly folded and faulted the region. 
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GENERAL STRATIGRAPHY 
PRELIMINARY STATEMENT 


A total thickness of 17,000 to 21,000 feet of strongly folded Pliocene 
and Pleistocene strata is exposed north of Ventura and Santa Paula. 
Only the upper 6000 feet of this enormous section will be considered 
in this paper. This part is generally divisible into two formations: 
(1) the San Pedro above; (2) the Santa Barbara below. 


SAN PEDRO FORMATION 


The San Pedro formation consists of 3000 to 3500 feet of poorly con- 
solidated, light-gray to buff, fine to coarse sands and gravels, buff- 
weathering sandy silts, and greenish-gray, drab-gray, and, locally, 
grayish-maroon clays and silty clays. Over 75 per cent of it consists 
of sands and pebble to cobble gravels. This formation has been called 
Saugus by Kew,? Cartwright,? Waterfall,? and Driver * and most of it 


1W.5S. W. Kew: Geology and oil resources of a part of Los Angeles and Ventura counties, Cali- 
fornia, U. S. Geol. Surv., Bull. 753 (1924). 

2L. D. Cartwright: Sedimentation of the Pico formation in the Ventura quadrangle, California, 
Am. Assoc. Petr. Geol., Bull., vol. 12, no. 3 (1928) p. 239-248. 

3L. N. Waterfall: A contribution to the Paleontology of the Fernando group, Ventura County, 
California, Univ. Calif., Bull. Dept. Geol. Sci., vol. 18, no. 3 (1929) p. 71-92. 

“H. L. Driver: Foraminiferal section along Adams Canyon, Ventura County, California, Am. 
Assoc. Petr. Geol., Bull., vol. 12, no. 7 (1928) p. 753-756. 
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Las Posas by Pressler* and Grant and Gale.* Eaton’ has arbitrarily 
divided it into three so-called formations, Hall Canyon, San Pedro, 
and Saugus, which cannot be consistently separated or recognized for 
any distance, either paleontologically or lithologically. 

Because of the large number of confusing local names for the southern 
California Pleistocene, the writer prefers to use Arnold’s original name, 
San Pedro, even though the type San Pedro probably comprises only 
a meager fragment of the Ventura San Pedro. This is no more inexact 
than the use of “Vaqueros” and “Martinez” for these formations far 
from their type localities. 

In Hall Canyon, just east of Ventura, the lower 1950 feet of the San 
Pedro formation contain numerous indigenous marine fossils; near 
Harmon Canyon, four and one-half miles farther east, only the lower 
1000 feet are certainly marine; whereas, east of Aliso Canyon, seven 
miles east of Hall Canyon, only the lower 50 to 200 feet contain unworn 
marine molluscs. This is demonstrated by the tracing of sandstone 
and conglomerate marker beds. The upper 1170 feet of the formation 
in Hall Canyon contain a few worn and fragmentary molluscs derived 
from the lower part of the San Pedro and from underlying formations, 
and are evidently non-marine; in the eastern part of the area nearly 
the whole formation appears to be non-marine as it contains only a 
mixture of eroded fragments of molluses from older beds and rare in- 
digenous Equus remains. 

Except for the local irregularities caused by current action at the base 
of several gravel beds, both in the marine and the non-marine parts, 
the Lower Pleistocene San Pedro is conformable throughout. It is over- 
lain with marked angular unconformity by tilted Upper Pleistocene 
terrace gravels containing Elephas imperator and Equus cf. occidentalis. 
As this is the only major unconformity in the Tertiary or the Quater- 
nary section in the central part of the Ventura Basin, the culmination 
of the Coast Range Revolution evidently took place during this hiatus. 

Philip W. Reinhart recently discovered a pre-molar tooth of a horse 
in the upper part of the San Pedro, about 1200 feet north of the mouth 
of Wiggins Canyon, the largest canyon between Harmon and Pepper- 
tree canyons, six and three-fourth miles east-northeast of Ventura. 
This tooth was imbedded in folded yellowish gravels in the east bank 
of the deep trench-like barranca, about 10 feet above the stream bed. 


5 E. D. Pressler: The Fernando group in the Las Posas-South Mountain district, Ventura County, 
California, Univ. Calif., Bull. Dept. Geol. Sci., vol. 18, no. 13 (1929) p. 325-345. 

¢U. S. Grant and H. R. Gale: Pliocene and Pleistocene Mollusca of California and adjacent 
regions, San Diego Soc. Nat. Hist., Mem., vol. 1 (1931) p. 61. 

7J. E. Eaton: Divisions and duration of the Pleistocene in Southern California, Am. Assoc. Petr. 
Geol., Bull., vol. 12, no. 2 (1928) p. 111-141. > 
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This was determined as Equus ef. occidentalis by Chester Stock.? Rein- 
hart also found a fragmentary fossil tooth, which appears to be an 
Equus, according to Stock, lying loose on the surface near the base of 
the San Pedro, west of the large dairy on the west side of Aliso Canyon, 
a few miles farther east. This latter tooth was in such a situation that 
the youngest beds from which it could have been derived are the lower 
500 feet of the San Pedro. In 1929, Pressler reported the discovery 
of Equus cf. occidentalis in the San Pedro (his Las Posas) formation 
of Las Posas and Camarillo Hills in southeastern Ventura County. 
The marine molluscan faunas of the San Pedro in this region show an 
extinction of slightly less than six per cent, according to a compilation 
of published collections and additional collections made by Alex Clark, 
P. W. Reinhart, and the writer. The foregoing evidence rather con- 
clusively places the age of the San Pedro as Pleistocene, in spite of the 
prevalence of 25 to 50 degree dips in it. Its marine fauna is of warm- 
temperate waters, suggesting that the San Pedro either accumulated 
in protected shallow bays or during a long interglacial epoch. Pos- 
sibly the fauna was introduced during an interglacial epoch and was 
able to persist in protected shallow waters even through succeeding 
glacial conditions. 
SANTA BARBARA FORMATION 

The Santa Barbara formation in the hills north of Ventura and Santa 
Paula consists predominantly of mudstone having a thickness of 2900 
to 3500 feet. Its contact with the San Pedro sands and gravels is not 
sharp as the upper 50 feet of the Santa Barbara become quite sandy. 
In Hall Canyon, near Ventura, over 95 per cent of it consists of bluish- 
gray mudstone and silty clay shale containing abundant small rusty- 
orange limonitic concretions. These concretions in fresh well-cores 
consist mainly of the cream-colored carbonate, ankerite. A more or 
less conspicuous conglomerate and sandstone is commonly present at, 
or near, the base of the Santa Barbara, but, in the beautifully exposed 
section in the west bank of the Ventura River, only a few gravelly sand 
beds, from one to three feet thick, are found. Between Sexton and 
Harmon canyons a thick lens of this conglomerate and sandstone at- 
tains a maximum thickness of 830 feet. East of Sexton Canyon other 
conglomerate and sandstone lenses appear higher in the Santa Barbara, 
in horizons which are represented by mudstone and shale farther west. 

This formation is synonymous with Pressler’s® Santa Barbara ex- 
cept that his “Kalorama Member of the Las Posas,” which contains 


® Written and oral communication. 
*E. D. Pressler: op. cit. 
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a typical Santa Barbara fauna, is here retained in the Santa Barbara 
beds. This formation is the “Upper Pico” of Cartwright, Driver, and 
Waterfall. 

At the type locality on the Santa Barbara “mesa,” at Rincon Point 
near the Santa Barbara-Ventura County line (Fig. 1) and at other 
localities near the edge of the basin, where it has a shallow-water facies, 
the Santa Barbara may be divided into two faunal zones on the basis 
of its mega-fauna: (1) an upper Pecten caurinus zone, and (2) a lower 
Pecten bellus zone. In this area the lower part rarely contains mega- 
scopic fossils, probably because of deeper water than at the type local- 
ity, but a few poorly preserved Cantharus sp., which genus is generally 
indicative of warm-temperate environment, were found in conglom- 
erates near the base between Sexton and Harmon canyons. The only 
definite cold-water marine fauna in the Ventura-Santa Barbara district 
occurs in the upper half of the Santa Barbara. 

D. B. Rogers, of Santa Barbara Museum, obtained a milk tooth of 
a mastodon, which Stock '° stated appeared to be too large for a Pliocene 
mastodon, from the upper part of the Santa Barbara beds in a sand pit 
near the south end of Pedregosa Street, Santa Barbara. Also, a tooth 
of Equus ef. occidentalis from rusty gravels near the head of Grimes 
Canyon, nine and one-half miles southeast of Santa Paula, probably 
came from the upper part of the Santa Barbara strata. Because of this 
suggestive vertebrate evidence, a molluscan extinction of only seven 
per cent, or less, and the cold-water marine fauna, the upper half of 
the Santa Barbara is herewith tentatively placed in the Lower Pleisto- 
cene instead of the Upper Pliocene. From the evidence available at 
present the Pliocene-Pleistocene division point appears to be near the 
middle of the Santa Barbara formation. That the cool-water fauna 
is not the result of greater depth of water alone is suggested by the 
presence of cool-water species in sandy and pebbly shallow-water Santa 
Barbara beds at Santa Barbara, Rincon Point, and Las Posas Hills. 


LATERAL CHANGE OF FAUNA OF THE SANTA BARBARA 
CHANGE IN MEGA-FAUNA 


With the above résumé of the stratigraphy in mind, the writer will 
now discuss the interesting condition mentioned earlier. 

Between a point in the sea-cliff, three miles northwest of Ventura, 
where the contact passes into the ocean, and another point in Pepper- 
tree Canyon, ten miles farther east, the San Pedro-Santa Barbara 
contact is consistently marked by a sharp faunal break (Fig. 1). The 


20 Oral communication, April, 1934. 
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difference in the fauna found above the contact from that below is so 
great as to be obvious even to a geologist who knows little or no 
paleontology. As fossils are generally abundant for several hundred 
feet on both sides of it, whereas the lithology is somewhat variable, the 
contact between the Santa Barbara and the San Pedro along the south 
limb of the Ventura anticline, west of Peppertree Canyon, has been 
constantly checked by means of fossils. The fauna of the upper Santa 
Barbara is generally characterized by cool-water species such as Pec- 
ten caurinus Gould, Thracia trapezoides Conrad, and Pandora glacialis 
Leach. On the other hand, the fauna of the San Pedro indicates warm 
water, common species being Nassarius fossatus (Gould), Olivella ped- 
roana (Conrad), Spisula catilliformis Conrad, Venerupis (Paphia) 
tenerrima (Carpenter), Macoma nasuta (Conrad), and Pandora punc- 
tata Conrad. These species are not found below the base of the San 
Pedro, south of the axis of the Ventura anticline, in the large area west 
of Peppertree Canyon. 

East of Peppertree Canyon, in the small area south of the axis of the 
Ventura anticline, and in a large area north of the axis (at least as far 
west as the head of Sexton Canyon), warmer-water San Pedro species 
appear in the upper part of the Santa Barbara formation and the cool- 
water Santa Barbara species disappear. In detail, this change in the 
fauna of the upper Santa Barbara takes place in the following manner: 

On the ridge west of Peppertree Canyon a fine, yellow, silty sand unit, 
about 50 feet thick, begins to appear in the Santa Barbara mudstone, 
about 300 feet below the top of the formation. For convenience, this 
will be called unit “X” (Pl. 44). Toward the west, this sand (unit 
“X’’) becomes interbedded with mudstone and in a short distance passes 
along its strike into typical Santa Barbara mudstone. Toward the 
east, unit “X” gradually becomes coarser and better indurated until, 
on the west side of Peppertree Canyon, it is a medium to coarse sand- 
stone, forming a prominent marker bed. At Fossil Locality 148-A 
(Pl. 44), a cliff outcrop on the east bank of Peppertree Canyon, sev- 
eral pebbly streaks are noted in the sandstone, and a considerable num- 
ber of two common San Pedro species, Macoma nasuta and Venerupis 
tenerrima, appear at several horizons. This is the most southerly 
occurrence of San Pedro forms in the Santa Barbara of this area. The 
marker sandstone here has become about 75 feet thick, and its top is 
between 230 and 265 feet below the top of the Santa Barbara. 

North of Locality 148-A, unit “X” is prominently exposed, and the 
writer was able to “walk it out” readily and without doubt, to the 
north, the northwest, and the northeast, around the axis of the Ventura 
anticline and then around the synclinal axis to the north, as shown on 
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the map (Pl. 44). It is cut by one small fault having a maximum 
throw of about 35 feet, but the amount of offset can readily be demon- 
strated so that there is no possibility of this fault having brought a 
similar higher bed against unit “X.” At Fossil Locality 148-B, 3000 
feet north of 148-A, unit “X” is made up, to a considerable extent, of 
conglomerate, and it becomes even more conglomeratic north of the 
anticlinal axis. At 148-B the marker unit contains a fairly large 
fauna, including such typical San Pedro species as Nassarius fossatus, 
Olivella pedroana, abundant Macoma nasuta, and Venerupis tenerima. 
No truly cool-water species, such as characterize the Santa Barbara, 
were found, although several species that are present in both the San 
Pedro and the Santa Barbara are common. 

As Pecten caurinus is fairly common in the mudstone between the 
top of unit “X” and the top of the Santa Barbara, as well as only a few 
feet below the base of unit “X,” the warmer character of the fauna of 
the marker bed itself evidently was caused by a shallowing of the Santa 
Barbara sea toward the north. This is indicated by the coarseness of 
the detritus in the marker bed, six- to eight-inch sandstone boulders 
being common in it north of the anticlinal axis, whereas sand contain- 
ing a few small pebbles is found south of the axis. 

«he 230 to 300 feet of mudstone or sandy silt between the base of the 
San Pedro and the top of unit “X” contains Pecten caurinus and other 
cool-water forms, up to a point slightly north of the anticlinal axis on 
the east side of the ridge between Peppertree and Aliso canyons (PI. 
44). North of this point, Pecten caurinus or other cool-water Santa 
Barbara forms are absent from this stratigraphic interval. At Locality 
149, only 3000 feet northwest of this last occurrence of Pecten caurinus, 
this same stratigraphic interval contains most of the characteristic, 
common, San Pedro species, including Nassarius fossatus, Pandora 
punctata, Spisula catilliformis, Siliqua lucida (Conrad), Pecten latiau- 
ritus Conrad, Venerupis tenerrima, and, apparently even Cymatosy- 
rinz hemphilli (Stearns) , which is found living only south of Santa Bar- 
bara. Alex Clark #4 concurs in the writer’s opinion that a paleontolo- 
gist who had worked in the Ventura region would determine a collec- 
tion of fossils from Locality 149 as San Pedro (Las Posas) on the basis 
of fauna alone, although it is actually about 150 feet below the top 
of the Santa Barbara (Pl. 44). It is probably significant that this 
interval, which was mudstone south of the anticline, has changed into 
a fine silty sand here. 


11 Written communication, August 10, 1933. 
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At Locality 141, on the Ventura (Canada Larga) syncline, on the 
ridge at the head of Peppertree Canyon, a lower sandstone and con- 
glomerate marker unit (unit “Y”) appears in the Santa Barbara. 
Warm-water fossils of San Pedro type are rather common in concre- 
tions near the base of this unit, which is 850 feet stratigraphically below 
the top of the Santa Barbara formation. Among these are Yoldia 
cooperi Gabb, Pandora punctata, and Olivella pedroana. Although 
unit “Y” lenses out within a short distance toward the southeast, it is 
quite persistent north of the synclinal axis, and has been traced toward 
the east and the northeast as far as Adams Canyon, a distance of five 
miles. At several places (indicated on the map, Pl. 44) along its out- 
crop this lower sandstone and conglomerate also contains other species, 
found only in the San Pedro to the south and the west, such as Nassarius 
fossatus, Macoma nasuta, Spisula catilliformis, and Venerupis tener- 
rima. Not only are common San Pedro species found in this sandy 
and conglomeratic horizon, unit “Y,” but they are found locally through- 
out the 850 to 1000 feet between it and the top of the Santa Barbara; 
whereas, typical Santa Barbara species, such as Pecten caurinus, are 
entirely absent. Alex Clark has collected and studied the fauna of 
the upper 1100 feet of Santa Barbara, from the ridge east of Wheeler 
Canyon. Here, all except the last two localities (which are below 
unit “Y”) contain faunas that are practically identical with most of 
the San Pedro in the Ventura region, so that, paleontologically, the 
upper 1000 feet of Santa Barbara near Wheeler Canyon cannot be dis- 
tinguished from the lower part of the San Pedro west of Peppertree 
Canyon. 

CHANGE IN FORAMINIFERAL FAUNA 

M. L. Natland, working under the direction of Guy E. Miller, has 
studied the foraminifera from two short sections of the Santa Barbara 
above the base of unit “X,” (1) on the east side of Peppertree Canyon, 
near Locality 148-A, and (2) a short distance south of the Ventura 
syncline, 1500 feet west of Aliso Canyon (Pl. 44). He reports that 
in the Peppertree Canyon section (1) the highest Santa Barbara species 
of the Hall Canyon and the Ventura River sections appear within ten 
feet of the top of the Santa Barbara, as mapped in Peppertree Canyon, 
thus checking the mega-faunal and the lithologic breaks. On the 
other hand, the micro-fauna from the short section west of Aliso Can- 
yon, near the syncline (2) is a meager one, and the only species of 
foraminifera found are forms, such as Elphidium hannai, that are much 
commoner in the San Pedro than in the Santa Barbara; whereas, no 
species that are restricted to the Santa Barbara were found. 
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Natland and Miller have also studied a detailed section of the entire 
San Pedro and Santa Barbara formations on the ridge east of Wheeler 
Canyon, beyond the east end of the Ventura anticline. They report 
that most of the San Pedro there is probably no.1-marine, containing 
only reworked foraminifera from older formations (Santa Barbara to 
Miocene inclusive). The true top of the Santa Barbara is not marked 
by a decided faunal break, such as occurs in the Hall Canyon, the Sex- 
ton Canyon, and the Ventura River sections, and indigenous species of 
foraminifera, that are generally characteristic of the San Pedro in this 
region, range down more than a thousand feet into the Santa Barbara 
(below unit “Y”). The micro-faunal evidence in the Wheeler Canyon 
section is not quite conclusive, because, in addition to common San 
Pedro species, certain deeper-water species, such as Uvigerina pere- 
grina (which is abundant, both in the lower Santa Barbara west of 
Peppertree and in the Middle Pliocene below but not in the upper 
1000 feet of the Santa Barbara in Natland’s Hall Canyon section 1”), 
occur here near the middle of the interval between the top of the Santa 
Barbara and unit “Y”. This Uvigerina is associated with many re- 
stricted Middle and Lower Pliocene species, and it is almost certain that 
Uvigerina peregrina was redeposited following the erosion of Middle 
Pliocene beds, caused by uptilting of the margins of the basin while 
the Santa Barbara was being deposited. 

In reply to the writer’s question, Miller ** stated that the foramini- 
feral fauna near the east end of the Ventura anticline indicates the same 
phenomenon as the molluscs, but that additional work would be neces- 
sary in order to prove it definitely. 


EXPLANATION FOR LATERAL VARIATION OF SANTA BARBARA FAUNA 


In a written report to the writer (August 10, 1933) concerning Fossil 
Locality 149, which contains the San Pedro-like fauna in the Upper 
Santa Barbara, Alex Clark states: 


“Of the above list of fossils the following have not been previously encountered 
in the Santa Barbara: Cymatosyrinz hemphilli, Pandora punctata, Siliqua lucida, 
and Spisula catilliformis. Of the above four species, only Cymatosyrinz hemphilli 
has a restricted geographic range. It is found living from Santa Barbara south- 
ward to Lower California. It has never been previously found below the Lower 
San Pedro anywhere in California. It is a bit difficult to understand how this 
southern form could be living contemporaneously with cool-water forms such as 
Pecten caurinus, which is not reported living south of Siletz Bay, Oregon. Of 
course, the identification of the specimen is open to question, since it is very much 


12M. L. Natland: The temperature and depth-distribution of some Recent and fossil Foraminifera 
in the southern California region, Scripps Inst. of Ocean., Bull., Univ. Calif., Tech. Ser., vol. 3, 
no. 10 (1933) p. 230 and Table 1. 

23 Oral communication. 
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leached, but I know of no other species that closely resembles it. With the finding 
of the above fossils in Santa Barbara deposits, it becomes almost impossible to 
distinguish between that formation and the lower part of the San Pedro formation 
in this region, except when the former is represented by its normal deeper-water 
facies carrying Pecten caurinus, Pandora glacialis, Thracia trapezoides, and other 
cool-water forms.” 


In a recently published important paper based on ‘the study of samples 
dredged from 165 localities in the San Pedro Channel between Long 
Beach and Catalina Island, California, Natland '* has shown conclu- 
sively that five distinct faunal assemblages are living side by side in 
San Pedro Channel, and that assemblages living in warm shallow water 
are entirely different from assemblages living in deeper and, there- 
fore, colder waters only a few miles distant. He summarizes his re- 
sults as follows: 

“The work here detailed has shown that on the present sea floor, which may 
some day be a fossil horizon in a sedimentary section like that exposed in Hall 
Canyon, there are five distinct faunal assemblages in close proximity. Therefore, 
dissimilar faunas may be contemporaneous and, conversely, the correlation of 
two widely separated outcrops based on similarity of their foraminiferal assem- 
blages alone is apt to be erroneous. The resemblance of two assemblages indicates 
similar environments but not necessarily contemporaneity. ” 


Clark,® who worked with Natland in dredging samples from the 
San Pedro Channel, has studied the molluscan fauna of this channel 
and found a similar, though not so pronounced, change of fauna with 
change in depth, temperature, and type of bottom. 

Therefore, the gradual progression of the warmer-water San Pedro 
type of fauna lower and lower into the stratigraphic column, from 
southwest to northeast (or south to north), indicates that the water 
became progressively shallower and the bottom sandier from south- 
west to northeast in the East Ventura area, and furnishes an excellent 
Lower Pleistocene example of Natland and Clark’s findings in the 
present San Pedro Channel. 


RECENT EXAMPLES FROM DISTANT AREAS 


On the Taubenbank in the Gulf of Naples, Walther ?* found that 
out of a total of 341 species with hard parts that might be preserved 
as fossils, 310 species were found on the Taubenbank and only 45 spe- 
cies in the adjacent deeper waters. (The sea bottom on the bank was 


144M. L. Natland: op. cit., p. 225-230. 

15 Alex Clark: Environment of marine Mollusca living off Long Beach, California, and its 
bearing on Pleistocene correlations, Geol. Soc, Am., Pr., 1933 (1934) p. 393. 

16 J, Walther: Die Sedimente der Taubenbank im Golfe von Neapal, Preus, Akad. Wiss., Abhandl. 


d. Kénigl (1910) p. 21-37. 
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from 0-45 meters deep and consisted of coquina sand, whereas the sea- 
bottom in adjacent deeper waters was 200-500 meters deep and con- 
sisted of mud.) Of these species only 14, or about four per cent, were 
common to both environments. 

In the Bay of Fundy, Kindle *’ found only seven per cent of the liv- 
ing fauna in common between rocky and sandy bottoms, on one hand, 
and muddy bottoms, on the other. 

A large number of other recent examples of change in faunas with 
change of environment might be cited. 


EXAMPLES FROM OTHER GEOLOGICAL PERIODS 


It is quite probable that numerous cases similar to that described 
by the writer are to be found in the more distant geological past, but 
only a few examples that are supported by adequate proof seem to be 
found in literature. It is beyond the scope of this paper to make a 
thorough review of the literature on facies faunas of the present or 
past, but a few writers who have described somewhat similar condi- 
tions in various countries and in various parts of the geologic column 
will be mentioned. None of the papers mentioned below includes de- 
tailed geologic maps in support of the conclusions, so that some of the 
evidence may be questionable. 

H. S. Williams ** has cited several examples of the lateral change 
of faunas within certain Devonian strata of New York, Pennsylvania, 
and West Virginia, but little detailed physical evidence for the con- 
temporaneity of the dissimilar faunas is given. He has also published 
several other papers on the variation and the recurrence of certain 
faunas. 

In a scholarly paper, Scupin *® states that only faunas of the same 
facies are similar to each other even if contemporaneous. He states 
that the principle of faunal succession is reliable if one adds “under 
like living situations,” such as like climates, the same bottom facies, 
the same depth, the same salt content. He cites numerous examples 
from Cambrian to Recent of certain species that are confined to partic- 
ular types of environment, and he reviews the literature on principles 
of paleontologic correlation. 

Recently, Twenhofel *° has called attention to the fact that environ- 


17 BE. M. Kindle: Bottom control of marine faunas as illustrated by dredging in the Bay of Fundy, 
Am. Jour. Sci., vol. 41 (1916) p. 449-461. 

18H, 8. Williams: Bearing of some new paleontologic facts on nomenclature and classification of 
sedimentary formations, Geol. Soc. Am., Bull., vol. 16 (1905) p. 137-150. 

19H. Scupin: Der Chronologische Wert der Leitfossilien, Centralblatt fiir Miner. Geol. und 
Paliont. (1923) p. 370-447. 

2 W. H. Twenhofel: Environment in sedimentation and stratigraphy, Geol. Soc. Am., Bull., vol. 42 
(1931) p. 407-424. 
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ment has been neglected by most works on stratigraphy. He gives 
several examples from the Lower Paleozoic of Anticosti Island of spe- 
cies that are rare, or absent, from shaly strata although abundant in 
sandy or calcareous beds of the same age in spite of evidence that 
currents were active at that time. He believes that examples of this 
sort will become more numerous as soon as application is given by 
stratigraphers to the principle that environment was as important a 
factor in organic control in the past as it is at present, and the falla- 
cious theory of uniform distribution due to current and wave action 
is discarded. 
RESULTS OF MIGRATION OF FACIES FAUNAS ACROSS BEDDING 


The importance of recognizing this situation is illustrated by the his- 
tory of geologic mapping in the area described above. The invasion 
of the upper 300 to 1000 feet of the Santa Barbara formation by a warm- 
water fauna indistinguishable from that in the lower part of the San 
Pedro, accompanied by a progressive lithologic change to somewhat 
coarser deposits (distinguishable from, but more like, the San Pedro) 
has caused the San Pedro-Santa Barbara contact (Saugus-Pico con- 
tact of many geologists) to be mapped inconsistently by all the previ- 
ous workers in this area, so far as known. The writer made the same 
mistake in his preliminary mapping. 

Kew and Driver ** took the base of the writer’s unit “Y” as the base 
of their “Saugus” in Adams Canyon, although it is 1000 feet lower than 
the contact which practically all geologists have taken west of Har- 
mon and Peppertree canyons. Ever since Driver’s paper was published, 
his determination of the contact has been generally accepted. 

On the north limb of the Ventura anticline, at Aliso Canyon, Eaton 7 
“jumped down” in the section a long distance; his “Saugus-Pico” con- 
tact from the head of Sexton Canyon eastward is 700 to 1500 feet 
lower stratigraphically than it is south of the Ventura anticline. Eaton 
and other geologists have advocated the presence of a fault in the 
vicinity of the Ventura syncline, because the stratigraphic thickness 
from the axis of the anticline to what appeared to be the base of the 
San Pedro was about 1000 feet less on the north flank of the anticline 
east of Sexton Canyon than on the south flank. This apparent anomaly 
is now explained by the San Pedro fauna and a somewhat sandier type 
of lithology extending 1000 feet lower in the section on the north than 
on the south flank. 


2H. L. Driver: Foraminiferal section along Adams Canyon, Ventura County, California, Am. 


Assoc. Petr. Geol., Bull., vol. 12, no. 7 (1928) p. 753-756. 
22 J, KE. Eaton: The by-passing and discontinuous deposition of sedimentary materials, Am. Assoc. 


Petr. Geol., Bull., vol. 13, no. 7 (1929) fig. 10. 
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CONCLUSION 


In view of the results of this study, it now becomes important to 
examine critically close correlations based on paleontology alone, nota- 
bly those between areas at, or near, the edge of a basin of sedimenta- 
tion with areas near the center of the basin, or, especially, between two 
widely separated basins where dissimilar environments may have 
existed. From the facts cited it seems safer not to rely on paleontologic 
correlations alone, disregarding other types of evidence, but to use all 
types of evidence that are available. 
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INTRODUCTION 


The Keweenawan lavas of the Lake Superior district form the inner 
border of the Lake Superior syncline. They crop out over an area of 
several thousand square miles, and in one section on Keweenaw Point, 
Michigan, form a series with a minimum thickness of 15,000 feet (the 
lower horizons not being known because of faulting). Individual flows 
vary from gushes a few inches in thickness to The Greenstone flow 
with a maximum known thickness of 1300 feet. Hundreds of flows 
are known in various sections, some of them having marked character- 
istics which enable them to be identified and traced for forty miles 
or more along the strike and which present, as A. C. Lane suggests, 
strong evidence for the correlation of individual flows from Keweenaw 
Point on the south limb of the syncline to Isle Royale on the north 
limb, a horizontal distance of over fifty miles. Little evidence of 
violent eruptions is to be seen, and the most favored theory at present 
is that the flows welled up through long fissures somewhere in the 
central portion of the syncline. The district is, thus, one of the world’s 
large plateau-type lava fields. 

For about ninety years these flows have been studied in connection 
with the development of the copper deposits which occur in the series 
on Keweenaw Point, Michigan. The thousands of feet of diamond 
drilling and crosscutting which have been driven through the forma- 
tions give the geologist a unique opportunity to observe in detail the 
occurrence of the flows. Lane, while on the Michigan Geological 
Survey, carried on these studies with enthusiasm and became a real 
adept in classifying and distinguishing the traps on the basis of their 
megascopic characteristics as seen in outcrops, crosscuts, and particu- 
larly diamond drill cores. Through petrographic and chemical studies 
he went far in the interpretation of these megascopic differences. 

Following Lane and retaining his terminology, the geologists of the 
Calumet and Hecla Consolidated Copper Company continued the 
classification of these traps and came also to realize that here is a 
great opportunity to study differentiation in a big lava field. The 
drill core was available, and the places where sampling would give 
the most complete and significant data were known. 

What delayed the study was the problem of securing the necessary 
chemical analyses. Most of the existing analyses, for various reasons, 
were unsatisfactory. Lane had gathered them together in his reports, 
but his comments on many of them show his feeling that they are 
not dependable. Neither the Calumet and Hecla nor the United States 
Geological Survey contributed any additional rock analyses in Pro- 
fessional Paper 144 on the copper deposits of Michigan. Since the 
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publishing of that report, Calumet and Hecla has furnished three 
analyses. 

Thus the matter stood until early in 1933 when the writer applied 
for and was given a Penrose grant by the Geological Society of America. 
This provided for thirty-two analyses; upon these, together with the 
three made by Calumet and Hecla, this study is based. The Michigan 
College of Mining and Technology incorporated the project with its 
copper and iron research program, and the Calumet and Hecla con- 
tributed essential information from its files. Frank F. Grout, N. L. 
Bowen, Clarence N. Fenner, C. S. Ross, and James Gilluly aided the 
writer through helpful discussions of the problem. C. D. Hohl, of 
the Calumet and Hecla, assisted with sampling, computations, and 
drafting. Prof. T. E. Richards, of the Department of Mechanical 
Drawing, and Prof. C. T. Eddy and Raymond Marcotte, of the 
Department of Metallurgy, of the Michigan College of Mining and 
Technology, likewise aided in the preparation of illustrations. 

The study naturally has divided itself into three parts—differentia- 
tion within individual lava flows after their extrusion onto the surface, 
differentiation within the earth’s crust, which developed the different 
types of flows extruded from some supposedly homogeneous parent 
magma, and flow cycles. Certain data not essential to the main points 
of the paper and some suggestions for further work are presented in 
an appendix. 


DIFFERENTIATION WITHIN INDIVIDUAL LAVAS 
EFFECTS REVEALED BY THE MODE 


Oxidation effects and iron transfer—Certain effects of differentia- 
tion are apparent in megascopic examination of lava flows. Thus, 
the common red color of the upper part of the flows, particularly 
of the vesicular portion, is due to the oxidation of the iron to hematite 
by the hot gases given off from the crystallizing lava. In some cases 
this hematite not only is the equivalent of the normal iron content 
of the lava, but is much greater and represents an actual addition of 
considerable iron to the upper part of the flow by the ascending gases. 
Such transportation of iron as a volatile substance is common in 
voleanic regions of fumarolic activity. 


Sinking and floating of phenocrysts—Toward the bases of some of 
the Idaho lavas may be seen crumbly layers which on closer inspection 
are found to be especially rich in olivine—apparently a case of crystal 
settling. On the other hand, in one outstanding example of the Mich- 
igan Keweenawan lavas there is a concentration of labradorite pheno- 
crysts near the top. This would seem to be a case of crystal floating 
because of low specific gravity, although the possibility should be 
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admitted that gas bubbles may have attached themselves to the 
phenocrysts and helped to lift them. 


Keweenawan flow, Wisconsin.—More obscure features of differentia- 
tion in lava flows have been brought out by measurements of the 


FELDSPAR 


T 


BOTTOM OF FLOW 


Wy PYROKENE Y 
YW 


Ficure 1.—Variation of mode with depth (in feet) 
Keweenawan flow, Wisconsin. 


mineral distribution at various intervals from top to bottom of flows. 
For this purpose, thin sections are taken and measurements made 
by the Rosiwal method. Among the flows which have been so studied 
are a basalt in the Wisconsin Keweenawan and the Cape Spencer flow 
in Nova Scotia. The former, 79 feet in thickness, was studied by 
Sherwood Buckstaff, who measured the magnetite-ilmenite, hematite, 


1 Sherwood Buckstaff: A study of the distribution of magnetite in one of the Keweenawan lava 
flows, Univ. Wis., unpubl. thesis (1923). 
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pyroxene, feldspar, and “other mineral” content in 15 thin sections 
from chips from the diamond drill core, taken at intervals throughout 
the flow. The “other mineral” is said to have been principally ser- 
pentine. Figure 1 is a graphic representation of Buckstaff’s data and 
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Ficure 2.—Variation of mode with depth 


Keweenawan flow, Wisconsin 


shows the variation in mineral content from top to bottom of the 
flow.2, The outstanding features are the high concentrations of the 
magnetite-ilmenite and hematite near the top and of the olivine near 
the bottom. Figure 2 shows the same data in a different way. Straight 
horizontal lines represent average mineral contents for the flow as a 
whole, and broken lines show the distribution of each mineral as 
calculated throughout the flow in terms of its percentage above or 


2 The writer has taken the liberty of inserting a hypothetical section of the very top part 
of the flow, which was not included in Buckstaff’s suite of sections. This section, the one at 
the extreme left representing the top of the series, is based upon the writer’s experience with 
flows of this type. Another modification made in Buckstaff’s data concerns an erratic section 
from 21 feet in depth, which shows an abnormal hematite content. Inasmuch as Buckstaff 
says that this is almost certainly due to alteration, it has been ‘‘smoothed out’ in the diagram. 
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below the average at the different depths where measurements were 
made. Thus, at a depth of 42.6 feet the olivine content is over 100 
per cent above the average for the flow, and at 51.3 feet the hematite 
content is about 50 per cent below the average. The vertical scale 
representing percentage above or below average is indicated only in 
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Ficure 3.—Variation of mode with depth 
Cape Spencer flow, Nova Scotia 


the case of the olivine, but it is the same for all constituents. This 
type of diagram brings out strikingly the concentration of magnetite- 
ilmenite and hematite near the top, the more feeble concentration of 
feldspar near the top, and the high olivine (serpentine) concentration 
near the bottom. 

Cape Spencer flow, Nova Scotia—The Cape Spencer, Nova Scotia 
flow, a Triassic basalt 556 feet in thickness, was studied by Powers 
and Lane and by Lund. Because Lund made a greater number of 
measurements, his data are used.’ At 23 intervals from top to bottom 
samples of drill core were sectioned, and the mineral content was deter- 


3R. J. Lund: Differentiation in the Cape Spencer flow, Am. Miner., vol. 15 (1980) p. 539-563. 
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mined by the Rosiwal method. Figures 3 and 4 present the data 
so obtained. Lund grouped all the opaque minerals and the glass as 
one and determined it and the pyroxene and feldspar. Here again, 
as in the case of the Wisconsin Keweenawan, there is a big concen- 
tration of the heavy ore minerals near the top of the flow. 


Summary.—Thus, observations of the actual mineral distribution in 
basaltic lava flows indicate a high concentration of the iron ores and 
ilmenite near the top, a lesser concentration of feldspar near the top, 
and a concentration of the olivine, if present, toward the base. The 
occurrence in certain cases of the olivine toward the base and the 
feldspar toward the top may be explained by ordinary gravitative 
sinking and floating of crystals, but the concentration of the heavy 
iron and titanium oxides near the top would seem to be due to some 
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Figure 4.—Variation of mode with depth 

Cape Spencer flow, Nova Scotia 


other process. What this might be was suggested by the earlier studies 
which ascribed the hematite concentration in the vesicular tops to 
processes of “volatile transfer.” 

EFFECTS.REVEALED BY CHEMICAL ANALYSES 


Introduction—The foregoing studies are presented early in this dis- 
cussion because they are mode determinations. But mode determina- 
tions in lava flows are attended by difficulties of various sorts: the 
fine grain of a part of the flow; the problem of separating magnetite, 
ilmenite, and hematite from one another; and the presence, often, 
of considerable glass in various stages of devitrification which it is 
practically impossible in most cases to assign to any definite mineral 
species. Furthermore, the distribution of minor constituents, such 
as P,O,, Cu, S, and MnO., which are interesting and significant, is 
entirely beyond the range of the method. Finally, the samples meas- 
ured are only small chips of rock, inadequate to represent thicknesses 
of 25 feet or more. All these difficulties are apparent in the work 
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on the Wisconsin Keweenawan and on the Cape Spencer flows. In 
spite of them, however, observations made according to this method 
definitely indicate effects which cannot be ascribed to any single 
process of differentiation. 

Because of these objections to studying differentiation through mode 
determinations, it was decided in the present work to emphasize chem- 
ical variations, expressed both as variations in the oxides as reported 
in rock analyses and as variations in the normative minerals as calcu- 
lated from the rock analyses according to the Cross, Iddings, Pirrson, 
and Washington system. Examination of thin sections has provided 
a check on results. 


The Greenstone flow.—The first flow to be sampled for this study 
was the Greenstone, the thickest flow known in the region. It is 
an ophite, with but an occasional plagioclase phenocryst. It is 
known for many miles along the strike and has been correlated with 
a fair degree of certainty with the thickest flow on Isle Royale Island, 
50 miles across the lake on the other limb of the Lake Superior 
syncline. An outstanding feature in this flow is the occurrence in 
its upper half of intermittent coarse-grained phases, extensive in area 
and parallel to the flow surfaces. They grade into the normal ophite 
above and below, are coarser in grain than the adjacent normal ophite, 
contain more magnetite and ilmenite than the average for the flow, 
and in places are somewhat vesicular with chalcedonic and chloritic 
vesicle linings. Lane used the term “doleritic” to describe the texture 
of these phases. His explanation of the origin of this rock type is 
suggestive. He says, “They [the doleritic phases] are due to some 
sort of differentiation by which some of the ingredients have gathered 
together in the process of cooling and produced a magma more favor- 
able to the coarse crystallization of the feldspar. . . . I am more 
inclined to think that it is due to the accumulation of some sort of 
mineralizer, say water vapor, or the like, in certain layers. ... My 
explanation is that in the process of the crystallization the gaseous 
mineralizers, being collected in certain streaks, produced a coarser 
crystallization of the feldspar and a more open or interstitial char- 
acter. . . . If I am right in thus regarding these streaks and 
this texture it is a superficial equivalent to deep-seated pegmatites 
and similar rocks. The tendency to this doleritic texture seems to 
be characteristic of some beds more than of others and these doleritic 
streaks appear at times to be fairly persistent.” Butler and Burbank ° 


*A. C. Lane: The Keweenawan series of Michigan, Mich. Geol. and Biol. Surv., Pub. 6, geol. 
ser. 4, vol. 1 (1909) p. 134-136. 

5B. S. Butler and W. S. Burbank: The copper deposits of Michigan, U. S. Geol. Surv., 
Prof. Pap. 144 (1929) p. 24. 
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define the type as follows: “The term dolerite is used to designate 
portions, in the lavas of certain types, in which the minerals, especially 
the feldspars, are unusually coarse and the rock has a pegmatitic 
texture. Rock of this type occurs in the thicker beds and is regarded 
as portions that crystallized late. It is allied to the pegmatitic facies 
of some intrusive rocks.” 

The Greenstone flow seemed ideal for the study for the following 
reasons. The grain of the flow becomes progressively coarser away 
from its top and bottom, and where sampled it has a thin, non- 
fragmental amygdaloidal top. There is no primary gneissoid texture, 
and the supposition seems warranted that the magma flowed out and 
came to rest in a liquid state and that it crystallized essentially 
without further lateral movement. The flow is thick enough and 
coarse enough in texture to indicate that it remained liquid for a 
long period, giving crystallization differentiation through gravitative 
settling of crystals a chance to take place; and furthermore, the 
occurrence of the doleritic streaks is evidence of differentiation by 
gaseous transfer. 

The particular method used in sampling was determined by the 
assumption that the average composition of the liquid flow could be 
obtained from a composite sample taken from top to bottom, and 
that, if the different phases, as encountered, were kept separate and 
analyzed, the quantitative redistribution of the flow constituents due 
to differentiation could be calculated. 

The samples, taken from diamond drill cores, were as follows: 


Per cent 
Sample | Depth from Thickness total Description 

No. top of flow Ciehanse 
3132 0-116 116 ft 9.36 | Fine-grained dense black trap 
3134 116-194 78 6.30 | Ophite and dolerite mixed 
3136 194-226 32 2.58 | Pinkish dolerite 
3138 226-283 57 4.60 | Ophite and dolerite mixed 
3140 283-287 4 0.32 | Pinkish dolerite 
3142 287-366 .5 79.5 6.42 | Ophite and dolerite mixed 
3144 | 366.5-516 149.5 12.07 | Ophite 
3146 516-665 149 12.03 | Ophite (6 feet of dolerite at top) 
3148 665-809 144 11.62 | Ophite 
3150 | 809-953 144 11.62 | Ophite 
3152 953-1097 144 11.62 | Ophite 
3154 1097-1239 142 11.46 | Ophite 
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Pieces of core of uniform size were broken off at regular intervals, 
the interval for taking the pieces varying somewhat according to the 
appearance of the rock. For example, the important-appearing doler- 
ite, only 4 feet in thickness, sample No. 3140, was sampled every 10 
inches; the uniform-appearing ophite in the lower part of the flow 
was sampled every 10 feet. Altogether there were 154 pieces of drill 
core taken for the entire series of samples throughout the flow. 

The samples were then sent to the Rockefeller Laboratory at the 
University of Minnesota for rock analysis under the direction of 
Frank F. Grout. The analyses are given in Table I. 

The last column shows a calculated average analysis for the entire 
flow. This is a weighted average; that is, each sample is represented 
in the average in proportion to the thickness of flow which it repre- 
sents and to its specific gravity. Thus the calculated average compo- 
sition is, according to our assumption, the composition of the lava 
when it came to rest minus whatever was lost through the escape of 
volatiles. 

Figure 5 shows the percentage variations of each constituent from 
the average value of that constituent in the different parts of the flow. 
For instance, in sample No. 3136, plotted on the diagram at its average 
depth of 210 feet below the top, the K,O content is nearly 200 per cent 
above the average, while the CaO content is about 20 per cent below 
the average. Samples Nos. 3136 and 3140, plotted at depths 210 and 
285 feet respectively, were taken entirely from doleritic horizons. The 
diagram shows that in these doleritic layers the following constituents 
tended to become concentrated (that is, they are present in amounts 
higher than the average): SiO,, Fe,O,, FeO, Na,O, K,O, TiO,, P,O,, 
S, Cu, and MnO. Those that are below average in the doleritic layers 
are Al,O,, MgO, and CaO. 

It is interesting to compare this list with that of Bowen ® in his 
discussion of the “character of the vapor phase from boiling pegmatitic 
liquid.” He says, “. . . general considerations would lead us to 
expect that the elements most prominent in the gas would be H, O, 
Cl, Si, F, S, B, K, Na, Fe, Ti, Al, together with Sn, Pb, Cu, Zn, Ag, 
and a number of others. The prominent rock-forming elements Ca 
and Mg we should expect to be hardly represented at all.” Thus, the 
constituents which are found to be concentrated in the pegmatitic or 
doleritic layers in The Greenstone are in general those which Bowen 
says should be in gaseous emanations from residual pegmatitic magma, 
and those which are not concentrated in the doleritic layers in The 
Greenstone are those which Bowen says should be hardly represented 


®N. L. Bowen: The broader story of magnetic differentiation, briefly told, chapter in Ore 
deposits of the Western States, Am. Inst. Min. and Met. Eng. (1933) p. 120. 
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in the gaseous phase. There is one exception to the correspondence 
in the two lists. The Al,O, is less than average in the doleritic layers, 
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Figure 5.—-Variation of oxides with depth 
The Greenstone flow, Michigan 
but is included in Bowen’s list of substances which should be in the 
gaseous phase. Perhaps the explanation is the one suggested by 
Fenner: 7 


7™C. N. Fenner: Pneumatolytic processes in the formation of minerals and ores, chapter in Ore 
deposits of the Western States, Am. Inst. Min. and Met. Eng. (1933) p. 84. 
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“FeCl; and AICI; are among the highest [in vapor pressure] and because of 
this and because of the mass action effect caused by their large concentration 
in the magma, they might be expected to be volatilized in the greatest quantities. 
With Fe this evidently holds, but with Al the tendency of AICI; to react with H.O 
to form oxide exerts a restraining influence, which may prevent Al from being 
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Ficure 6.—Variation of norm with depth 
The Greenstone flow, Michigan 


carried far, or may diminish to a great degree its escape from the magma unless 
the ratio of HCl to water vapor is unusually high.” 


In some respects the normative minerals provide a more satisfactory 
means of comparison than do the oxides. Accordingly they have been 
computed (Fig. 6). The two samples from especially doleritic phases, 
3136 and 3140, show high apatite, magnetite, ilmenite, albite, ortho- 
clase, and quartz content. Olivine occurs in the norm, especially in 
the lower part of the flow. It will be remembered that the essential 
features of differentiation as revealed by studies of the modal minerals 
were a concentration of the heavy ore minerals and feldspars near 
the top and olivine toward the base. The normative minerals show 
the same tendencies. 

Figure 7 shows the same data on the other type of curve. The 
doleritic layers, plotted at their average depths of 210 and 285 feet, 
show a concentration of normative apatite, ilmenite, magnetite, diop- 
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Ficure 7.—Variation of norm with depth 
The Greenstone flow, Michigan 
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side, albite, orthoclase, quartz (which is reduced to one-tenth the scale 
of the other minerals for plotting), copper, sulphur, and manganese 
oxide. They show a deficiency, as compared to the average, of norma- 
tive anorthite, hypersthene, and olivine. The ratios both of albite to 
anorthite and of orthoclase to plagioclase are highest in the doleritic 
layers. 

The question here arises as to how closely the normative composition 
may express the actual composition. That there is a close relationship 
is indicated. (1) The specific-gravity curve, plotted at the bottom 
of the section, shows a close correspondence to the normative mineral 
distribution. Thus, the doleritic layers at 210 and 285 feet, with their 
high concentration of the heavy normative ore minerals, have the 
highest specific gravity of the series. Further, the samples plotted 
at 59014 and 1025 feet, which rise above the adjacent ones in specific 
gravity, both show high normative olivine. These features of con- 
sistency lend increasing likelihood to the chance that the norm corre- 
sponds roughly to the mode. (2) The three peaks of the H,O+ curve 
correspond to the three peaks of the olivine curve. Since the olivine 
is largely serpentinized, the rocks showing high olivine should be high 
in combined water. (3) The examples of differentiation in flows which 
were cited at the beginning of this discussion involved measurements 
of the mode. These showed that there was a concentration of the 
heavy ore minerals and feldspar near the top and of olivine toward 
the base. The fact that these same minerals in the norm show the 
same tendencies suggests that the norm is rather closely an expression 
of the mode. (4) Magnetic observations on the outcrop of this flow 
show strong magnetic attraction in the upper part of the flow, undoubt- 
edly the effect of the magnetite concentration in the doleritic layers. 
(5) Thin sections of each sample show the high concentration of apatite, 
ilmenite, magnetite, copper, and sulphur in the doleritic streaks, as 
expressed by the norm, to actually exist. Furthermore, they show the 
olivine to be most abundant by far in the lower part of the flow. The 
changing ratio of albite to anorthite in the norm is also borne out 
by the character of the plagioclase in the mode. Thus, in the doleritic 
layers the plagioclase is close to oligoclase, but in the ordinary ophitic 
phases it is labradorite, becoming more calcic toward bytownite near 
the bottom of the flow. This situation is pictured in the norm curves. 

Just as in the studies of the mode of the Wisconsin Keweenawan 
flow and those of the Cape Spencer Triassic flow it was proved that 
gravitative settling could not explain the concentration of the heavy 
metallic minerals near the top of the flow, so in this study of The 
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Greenstone a similar situation is encountered. In this case, however, 
there is evidence that mineralizers or volatiles played an important 
part in the formation of these doleritic layers in which such concentra- 
tions occur. 

It remains to define more closely, if possible, the period in the flow 
history at which these effects were produced. Descriptions of flowing 
lava refer to the continual evolution of gas from the liquid rock. The 
vesicles of an amygdular top record the escaping of gas from the body 
of the flow and its entrapment at the top while it was still viscous. 
This early evolved gas probably accomplished considerable differentia- 
tion. It caused the abstraction from the lava and loss into the atmos- 
phere of great quantities of the abundant volatiles, chiefly water vapor. 
In addition to these negative differentiation effects, it also produced 
the oxidation of the iron of the upper parts of the flows to hematite, 
and in some cases an actual transfer of iron from the body of the flow 
to the top. This early escape of gas occurred to a varying degree 
in practically all the Keweenawan basalts, and may have been the 
result of several causes, such as relief of pressure, agitation due to 
movement of the flow, and perhaps to some extent gas pressure devel- 
oped during early crystallization. 

The doleritic streaks, however, were later developments. They occur 
at intervals in the upper part of the flow, but not at the very top. In 
this particular section of The Greenstone the first one appears at a 
depth of 135 feet below the top, then others follow at varying intervals 
and in various thicknesses down to about the middle of the flow. None 
has been noted below the middle, either in this flow or in others. They 
are tabular bodies of considerable extent, lying parallel to the flow 
top, and were therefore horizontal when formed. They are essentially 
plagioclase, augite, and magnetite-ilmenite. The plagioclase is cloudy 
and sericitized; the pyroxene, although somewhat chloritized, is fairly 
fresh; and the magnetite-ilmenite is in large dendritic crystals, very 
late. Some interstitial quartz and considerable apatite are seen, and 
also epidote and pumpellyite. It would seem that in these flows having 
doleritic layers the more or less uniform progress of crystallization was 
accompanied by the evolution of gas, which arose through the more 
liquid portion of the flow into the upper part until it reached the roof 
formed by the mushy, partly crystalline zone between the completely 
solidified rock above and the largely liquid zone below. Here it was 
trapped, and attacked the crystals already formed, sericitized the feld- 
spars, filled interstices, replaced the earlier minerals and otherwise 
introduced magnetite, ilmenite, alkali feldspar molecules, and the lesser 
minerals, such as apatite, bornite, chalcopyrite, quartz, and epidote. 
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The obvious source of these volatiles was the original lava. As 
crystallization proceeded inward from the two surfaces of the flow, 
the gas was driven out of solution and, of course, ascended as high 
as it could. Just why the doleritic layers resulting from the effects 
of these gases occur at intervals, with normal ophite between, is not 
apparent. If crystallization proceeded in such a way that at a certain 
period mineral “A” was precipitating throughout the flow and at later 
periods minerals “B,” “C,” and “D,” one might conclude that the 
occurrence of doleritic layers at intervals was due to the intermittent 
evolution of gas, which was caused by first one mineral going out of 
solution, and then another. But with crystallization proceeding inward 
from the two surfaces, there would have been rather uniform conditions 
throughout the greater part of the solidifying stage, and any changes 
in conditions, as affecting gas evolution from the crystallizing lava, 
should have taken place gradually. Thus, the intermittent occurrence 
of the doleritic streaks does not seem to be due to intermittent evolu- 
tion of gas. It would seem more plausible to consider the rate of gas 
evolution as rather constant, or at least changing gradually, and the 
ascent from the lower places of evolution as intermittent. That is, 
there may have been a tendency for the gas to accumulate in consider- 
able quantities before it ascended to the roof. One would think that 
the gas liberated by crystallization in the upper planes would make the 
short journey from the plane of evolution to the roof somewhat more 
uniformly perhaps than that liberated from the lower planes. 

The reason for the absence of doleritic streaks in the lower part of 
the flow is simple. The rate of cooling with respect to the top and 
bottom was about the same, so that by the time the descending roof 
of solidification which acted as a barrier to the ascending gases reached 
the middle of the flow, the crystallization of the lower portion of the 
flow was likewise completed. The writer has never noted a doleritic 
streak that was not essentially parallel to the flow surface. There 
seems to be no good reason why there should not have been cracks 
in the solidified crust which would have allowed the volatiles to pene- 
trate farther into the roof. Here they could have done their work 
altering the earlier minerals, depositing their load, and thus forming 
crosscutting doleritic streaks. Such features have not been found in 
the Michigan Keweenawan, although descriptions in the literature 
suggest their occurrence in other regions. 

Concerning the other type of differentiation—gravity separation of 
crystals—there is little to be said in connection with The Greenstone 
flow. The drill core and thin sections show the presence of olivine, 
largely serpentinized, in greatest abundance well below the center of 
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the flow. Chemical analyses and the calculated norms verify this 
observation. Figures 6 and 7 show the variations in the distribution 
of olivine. There is not a gradually increasing olivine content up to 
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Ficure 8.—Variation of iron and iron-magnesium ratios with depth 
The Greenstone and Kearsarge flows, Michigan 


a maximum, and then a gradual falling off. As the olivine curve in 
Figure 7 shows, there is a series of three peaks on the curve, the highest 
concentration coming in the sample taken at a depth of 953 to 1097 
feet from the top, or about five-sixths of the thickness from the top. 
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In some of the Idaho lavas, the writer has seen horizons in the lower 
parts of the flows with such a high olivine content that they show 
the effects of erosion much more easily than does the normal trap. 
The example of the sinking of olivine in the Palisades diabase sill, as 
described by J. Volney Lewis, is a classical example of this phenomenon 
in an intrusive. 

There is no evidence of the presence of any so-called “rest-magma” 
in this flow or in any of the Keweenawan flows seen by the writer. 

The fact that in the crystallization of the ferromagnesian minerals 
there should be a piling up of the iron silicate molecules in the liquid 
phase, because of the early crystallization of the magnesian silicates, 
has been cited as an objection to the development of granitic magma 
from basaltic magma by crystallization differentiation.® The argu- 
ment is that this process tends to produce in the later stages of crys- 
tallization an iron-rich magma rather than a granitic magma. How- 
ever, if the foregoing explanation of the origin of the doleritic layers 
by volatile transfer is correct, the same objection likewise applies to 
the development of granitic magma from basaltic magma by that 
process. Figure 8 shows the average iron content and the iron- 
magnesium ratio in the various samples throughout The Greenstone 
flow. It is apparent that the trend shown in the two doleritic layers 
at 210 and 285 feet from the top is not toward granite, either in iron 
content or in iron-magnesium ratio. Thin sections show that the 
interstitial glass of the upper part of the flow is high in dendritic 
magnetite, and thus confirm the high iron content indicated by the 
analyses. The possibility that the escape of the volatiles with their 
high iron content left behind a complementary magma or rock with 
a trend toward granite seems remote, because in these doleritic layers 
the silica and alkalies are likewise concentrated as well as the iron. 
Therefore, so far as the evidence as to the effects of volatile transfer 
in this flow goes, the tendency was to develop an alkali-rich, highly 
siliceous, and highly ferruginous rock rather than a granite. 


The Kearsarge flow.—Another flow, designated as the Kearsarge, is 
known for many miles along the strike and has been recognized with a 
fair degree of certainty on Isle Royale. Its identification is made easy 
because it carries plagioclase phenocrysts, which are particularly abun- 
dant toward the top of the flow. No other flow within thousands of 
feet resembles it in this respect. The amygdaloidal top is mineralized 
locally and constitutes to date the most productive amygdaloid deposit 
in the district. 


® Clarence N. Fenner: The crystallization of basalts, Am. Jour. Sci., vol. 18 (Sept. 1929) p. 225-253. 
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Sampled at intervals from top to bottom and in the same manner as 
the Greenstone flow previously described, the results were as follows: 


Per cent 
Thickness | _ total Description 
Thickness 

3112 0-12 12 7.30 | Amygdaloid with variety of intro- 
duced minerals 

3113 12-23 11 6.69 | Fine-grained trap with a few plagio- 
clase phenocrysts 

3115 23-3714 144% 8.81 | Trap, ophite, abundant plagio- 
clase phenocrysts 

3117 | 3714-69% 32 19.45 | Ophite 

3119 6914-10114 32 19.45 | Ophite 

3121 | 10114-13314 32 19.45 | Ophite 

3123 | 13314-16414 31 18.85 | Ophite 


The samples were taken from an underground drill hole which cut 
the flow at a vertical depth of 3500 feet. The flow is an ophite and 
appears rather uniform throughout, except for the coarser grain away 
from the margins and for the amygdaloidal top and the zone below 
it in which are especially abundant phenocrysts. No doleritic streaks 
have been seen either in this section or in any other section of this 
flow, so far as the writer is aware. Altogether 46 uniform pieces of 
core, which were divided into the seven samples as listed above, were 
taken. The analyses, as reported by the Rockefeller Laboratory, are 
given in Table 2. 

The last column shows a calculated weighted average analysis for 
the flow as a whole, obtained from the individual analyses of the 
different parts of the flow by allowing to each a proportion determined 
by the thickness which it represents and by its specific gravity. The 
proper treatment of the amygdaloidal top in this series presents a more 
difficult problem than does that of The Greenstone flow. Here the 
amygdaloid is thicker and is filled with introduced minerals, such as 
quartz, chlorite, epidote, and adularia. These were eliminated as 
far as practicable in sampling, but, nevertheless, they are present in 
sufficient quantity to make abnormal the analysis of that portion of 
the flow. On the other hand, to ignore the amygdaloid analysis in 
computing the average would eliminate the high ferric iron content 
of that horizon, which is due to differentiation by volatile transfer. 
Therefore, there are arguments both for and against including the 
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amygdaloid analysis in the average. On the whole it seemed best to 
do so, however, and it was accordingly done. 
Figure 9 shows the distribution of the various chemical constituents 


Taste 2.—Kearsarge flow group 


Analyses 
3112 | 3113 | 3115 | 3117 | 3119 | 3121 | 3123 | Average 
per cent 
50.07 | 48.78| 47.77 | 48.04] 47.36 | 48.69 | 49.92] 48.57 
14.06 | 14.51| 17.15] 16.88] 17.22] 16.84| 15.55] 16.34 
9.27| 8.28| 6.10] 6.04] 3.72] 2.67] 2.84| 4.73 
1.44| 4.57| 4.58] 4.95] 6.56| 7.61| 8.49] 6.13 
3.46| 6.11| 6.52] 7.12| 7.00] 6.96| 5.83| 6.43 
14.02| 6.35| 8.29] 9.83| 10.05] 9.90] 9.04] 9.68 
1.01} 4.37] 3.70] 2.50] 2.67| 2.41| 2.67] 2.68 
3.64| 2.83] 2.45] 1.83] 2.56] 2.06] 2.19| 2.34 
.38 .63 53 71 .70 .79 .40 .62 
.70 .06 10 18 .33 07 .07 
1.36| 1.90] 1.40] 1.37] 1.35] 1.43| 1.68] 1.47 
.28 19 15 15 15 .23 
01 01 00 01 .00 01 01 01 
01 .02 01 .00 01 01 .01 .009 
14 17 14 15 15 16 .19 .16 
Totals........... 99.94 | 99.69] 99.70 | 100.31 | 100.29 | 100.14 | 99.96 | 100.089 
2.993 | 2.394] 2.878| 2.805] 2.883| 2.889 | 2.928] 2.903 

Norms 

1.11] 5.11| 4.45] 2.72| 2.78] 2.22] 5.00] 3.34 
8.38 | 36.89 | 31.44 | 22.01| 22.53] 20.44] 22.53 | 23.06 
33.36 | 17.37] 28.08| 33.08 | 33.64] 33.92 | 28.08| 30.58 
18.79 | 9.46| 8.92] 10.71| 10.50] 11.06] 12.26| 12.17 
(Wo2.70)| 10.90] 7.73| 14.88] 16.05] 21.66 | 19.42] 15.34 
1.16| 9.76] 8.82] 8.82| 5.34| 3.94] 4.18] 6.73 
2.58| 3.65] 2.74| 2.58| 2.58] 2.74 19} 2.89 
67 44 .37 37 37 54 44 
1.60 12 20 .40 75 16 16 43 


Samples 3112, 3121, 3123: R. B. Ellestad, analyst. 
Samples 3113, 3115, 3117, 3119: S. Goldich, analyst. 


expressed in percentage above or below the average for the flow as 
a whole. It corresponds to Figure 5 for The Greenstone, and the way 
in which it should be read is the same as described for that diagram. 
The outstanding and entirely unexpected feature is the character of 
the first sample below the amygdaloid. (For reasons already given, 
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Ficure 9.—Variation of oxides with depth 
The Kearsarge flow, Michigan 
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the analysis of the amygdaloid is ignored in this discussion of differen- 
tiation. The only chemical characteristic of the amygdaloid which is 
known for certainty to be a differentiation effect, at least in part, is 
the high ferric iron and low ferrous iron content.) The first sample 
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Ficure 10.—Variation of norm with depth 
The Kearsarge flow, Michigan 


below the amygdaloid is a fine-grained, dense trap, which was expected 
to be close to the average in composition. However, it shows a high 
concentration of Fe,O0,, Na,O, K,0, TiO,, P,O,, 8, and Cu. It is a 
little above average in MnO content, about average in SiO,, and below 
average in Al,O,, FeO, MgO, and CaO. Except for the FeO, this list 
is identical with that expressing the composition of the doleritic layers 
in The Greenstone flow. The low FeO content may be explained by 
the occurrence of the sample close to the top of the flow, where the 
oxidizing effect of the escaping gases was at its maximum in all the 
flows. Thus, there is near the top of the Kearsarge flow a horizon 
which chemically has the same peculiarities shown by the doleritic 
layers in the thicker flow and in that case ascribed to concentration - 
by “volatile transfer.” 

Figures 10 and 11 show the distribution of the normative minerals. 
While the differentiation effects are not so marked or so consistent 
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as in the doleritic layers in The Greenstone flow, nevertheless, they 
are remarkably similar, considering the comparative thinness of the 
Kearsarge flow. The following normative minerals are above average 
in the sample below the amygdaloid: orthoclase, albite, magnetite, 
ilmenite, and apatite; the constituents, manganese, sulphur, and cop- 
per; and the ratios, orthoclase to plagioclase and albite to anorthite. 
On the other hand, anorthite and diopside are below average. Be- 
cause this horizon is so similar to the dolerite, it would seem logical 
to conclude that it is a mild effect of the same process which formed the 
dolerite—namely, the transfer of substances in the volatile state during 
crystallization. 

The same discussion as to the tendency of volatile transfer to form 
a highly ferruginous rock rather than a granite applies to the evidence 
of the Kearsarge flow as well as to that of The Greenstone (Fig. 8). 
As in the case of The Greenstone, the iron moved with the silica and 
the alkalies. 

There are rather numerous plagioclase phenocrysts in this flow, and 
they are especially abundant in the upper part, particularly in the 
third sample from the top. However, they do not seem to affect the 
analyses particularly. It would seem that this concentration of the 
phenocrysts near the top was due to crystal floating, either because of 
low specific gravity as compared with the melt or because of the flota- 
tion effect of the escaping volatiles. 

The normative olivine is not abundant nor is it consistent in distri- 
bution. It is found in two of the samples only, and these are not in 
the bottom part of the flow. Hence its distribution is not that expected 
of crystal settling. Here, again, it must be remembered that the flow 
is only 16414 feet thick at this place. 

The composition of the bottom sample shows some peculiarities 
which are not easy to explain. In some respects this sample is much 
like the upper one where the effects were thought to be due to volatile 
transfer. Figure 11 shows this similarity. It does not fit into the 
rather consistent story which is presented by the repeated occurrence 
of the other features of these flows from various localities, and the 
writer feels that additional data are desirable, to be obtained perhaps 
by sampling at closer intervals this and other flows of similar thickness 
and type. It is possible that in the case of some flows, perhaps 
especially those poured out over sedimentary floors as is the Kearsarge, 
some of the volatiles escaped downward in the early stages into the 
lower horizons. 
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Cape Spencer flow, Nova Scotia——The two flows just described are 
the only ones of the Keweenawan which have been sampled at intervals 


throughout and analyzed. 


Cape Spencer flow, Nova Scotia 
Analyses* 
Distance from base (5) (6) (7) (8) (9) 
of flow (feet) 437.0 389.0 284.0 179.0 70.0 
14.30 14.71 13.25 13.49 13.57 
5.14 3.32 7.16 7.42 7.80 
6.08 4.67 9.05 9.05 8.26 
2.56 4.11 2.42 2.38 2.58 
(ere 0.66 0.71 0.64 0.67 0.69 
1.24 1.30 0.78 0.79 1.14 
ee 0.18 0.13 0.14 0.12 0.12 
99.67 99.65 99.51 99.61 99.42 
Norms 
3.89 4.23 3.78 3.95 4.06 
21.59 34.69 20.54 20.23 21.80 
25.58 19.46 23.35 23.91 23.35 
10.78 1.90 20.34 17.51 19.53 
9.05 7.42 3.25 2.55 3.02 


* Analyses by M. F. Connor. 
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The studies made on the Cape Spencer (Nova Scotia) flow by 
Powers and Lane® represent another noteworthy attempt to study 
differentiation in a lava flow by this method. Five samples were taken 
for analyses. The writer has calculated the normative composition 
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Ficure 12.—Variation of norm with depth 
Cape Spencer flow, Nova Scotia 


and has plotted the results in Figures 12 and 13. In spite of the fact 
that the number of samples taken to study the flow were hardly suffi- 
cient to show the desirable amount of detail, since the flow is over 500 
feet thick, they disclose some very significant features. Again there 
is the high concentration of ilmenite, magnetite, albite, quartz, and 
manganese in the upper part of the flow, with a corresponding decrease 
in anorthite, diopside, hypersthene, and olivine. The general consist- 
ency of these features with similar features in the flows already 
described offers cumulative evidence that such effects as the concen- 
tration of magnetite and ilmenite near the tops of flows are common. 
Figures 12 and 13, which show the distribution of the normative 


®Sidney Powers and A. C. Lane: Magmatic differentiation in effusive rocks, Am. Inst. Min. 
Eng., Tr., vol. 54 (1916) p. 442-457. 
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minerals as calculated from the Powers-Lane analyses, should be com- 
pared with Figures 3 and 4, which show the distribution of the modal 
minerals from the same diamond drill section of the flow, as determined 
by Lund. (The small difference in the thickness of the flow in the 
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Figure 13.—Variation of norm with depth 
Cape Spencer flow, Nova Scotia 


two sections is due to different possible interpretations of its true 
thickness.) The Powers-Lane data, showing the normative minerals, 
are handicapped by not having enough analyses to give the desired 
detail; while the Lund data, showing the modal minerals, are unsatis- 
factory because of the restrictions of the method, which caused all the 
constituents to be thrown into three groupings, feldspar, pyroxene, and 
magnetite plus glass. Nevertheless, the concentration of the opaque 
ore minerals near the top in both modal and normative studies of 
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this flow is unmistakable. Some explanation besides that of simple 
crystal sinking is necessary. 


Diabase sill, Lake Huron—Finally, for the sake of comparison, 
data based upon a series of four analyses from top to bottom of a 
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Ficure 14.—Variation of norm with depth 
Diabase sill, north shore of Lake Huron 


sill, 1115 feet in thickness, north of Lake Huron, studied by R. C. 
Emmons,” are presented (Figs. 14 and 15). Here again the samples 
were not sufficiently numerous to serve the present purpose. Never- 
theless, there may be seen the concentration of normative apatite, 
ilmenite, magnetite, albite, orthoclase, and quartz near the top. 

The slight silica deficiency in sample No. 3 and the very slight silica 
excess in the main body of the flow, as shown by the normative com- 
position, lead to the expectation that perhaps with more numerous 
samples there would be some interesting variations in olivine distribu- 
tion throughout the sill and that perhaps here, as in The Greenstone 


10R. C. Emmons: Diabase differentiation, Am. Jour. Sci., 5th ser., vol. 13 (1927) p. 73-82. 
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flow, differentiation both by gaseous transfer and crystal sinking would 
be evident. 


Diabase sill—Ontari 
Analyses* 
4 3 2 1 

56.38 50.22 50.92 50.44 
2.94 5.61 7.48 7.94 
3.60 2.86 2.04 2.28 
ca 0.40 1.66 0.76 0.41 
0.07 0.07 0.03 0.07 

99.84 99.71 | 100.13 | 100.00 


Norms 
30.39 24.21 17.19 19.18 


*M. F. Connor, Analyst, Geological Survey of Canada, August, 1925. 


Summary—tThe following may be said in summary concerning 
studies of the differentiation effects in basic lava flows. 
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1. There is even in the thinner flows a reddening of the tops which 
is due to the oxidation of the iron. Since the thinner flows and the 
quickly chilled portions of all the flows show this oxidation effect, it 
is thought to be due to the gases which were given off early in the crys- 
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Ficure 15.—Variation of norm with depth 
Diabase sill, north shore of Lake Huron 


tallization of the flows. In cases where there has been an introduction 
of ferric iron to the tops, the effect is thought to be due to a process 
of volatile transfer. 

2. In some of the flows there is a concentration of olivine and perhaps 
pyroxene toward the base. In others there is a concentration of plagi- 
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oclase phenocrysts near the top. These seem to be examples of differ- 
entiation by crystal sinking and floating. 

3. Studies of chemical analyses and distribution of modal and norma- 
tive minerals of samples taken at intervals through basic lava flows 
show that while crystal settling is a factor in the differentiation, there 
are, in addition, other important effects which must be otherwise 
explained. Concentrated in the upper portions of the flows are norma- 
tive quartz, magnetite, ilmenite, apatite, orthoclase, albite, and some 
of the rarer constituents, such as manganese, copper, and sulphur. In 
these same horizons the ratios of orthoclase to plagioclase and of albite 
to anorthite are abnormally high. In the thicker flows these effects 
are especially marked in certain layers of coarse texture, in the forma- 
tion of which mineralizers have doubtless played an important part. 
The specific gravity of these horizons is higher than that of the rest 
of the flow, a condition which is consistent with their high magnetite- 
ilmenite content. The occurrence of these heavy mineral concentra- 
tions in the upper parts of the flows and of the elements expected to 
be found in the gaseous phase sometime during the course of crystal- 
lization can be most logically explained as the result of a process of 
gaseous transfer. 

There are many opportunities for the continuation of these studies 
on the Keweenawan flows. Other thick ophites, both with and without 
doleritic streaks, should be sampled and analyzed. The other types 
of flows, known as the feldspathic melaphyres, glomeroporphyrites, 
rhyolites,* and others, should be similarly studied. 


DIFFERENTIATION WITHIN THE EARTH’S CRUST 
INTRODUCTION 


The major objective in this division of the project was to study the 
principal types of Keweenawan rocks of the copper district in order 
to learn what their chemical relationships are, whether they can be 
represented by the standard types of variation diagrams, what can 
be inferred regarding processes of differentiation by which they were 
formed and whether there is evidence of flow cycles in their order of 
extrusion. 

It was decided to analyze samples of all the common varieties of the 
basaltic flows or traps and also of the much less common acidic rocks, 
such as rhyolite and felsite. There were available diamond drill cores 
of many flows of the different types, and the choice of the individual 


11 As noted below, the upper and lower parts of the Mt. Houghton felsite body were kept 
separate in sampling and analyzing (samples 3157 and 3159). No conspicuous differences were 
noted. 
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examples of each type was determined by their freedom from secondary 
alteration. In all, 18 analyses were studied: 12 of basaltic rock, two 
of which were calculated averages for The Greenstone and Kearsarge 
flows described in the first part of this paper; three of acidic rocks; 
and three which represented phases of the Mt. Bohemia gabbro, an 
intrusive. No diamond drill core being available, the acidic rocks were 
sampled by taking many chips across the entire exposed width of the 
bodies, and the three phases of the Mt. Bohemia gabbro were sampled 
by selecting representative hand-specimens. The effort was made to 
secure composite samples taken throughout the flows whenever possible, 
since by that method the samples represent magmas rather than chance 
differentiates. 

Figure 6, showing the various divisions of The Greenstone flow which 
were sampled, illustrates how far a given hand-specimen may vary in 
composition from the average for the flow (shown at the right-hand 
side of the diagram). Furthermore, each of the twelve samples into 
which the flow was divided is itself an average of a thickness of rock 
up to 150 feet; consequently, hand-specimens could have been picked 
which would have varied from the flow average even more widely than 
the twelve large units shown. Thus, sample No. 3140 varies widely 
from the average, and if the theory of its origin herein advanced is 
correct, does not represent any magma. It is, rather, a magma which 
in crystallizing lost some of its constituents, such as olivine, by crystal 
sinking, but which, on the other hand, gained certain other constituents, 
such as magnetite, orthoclase, and apatite, by volatile transfer from 
the lower parts of the flow. Likewise, sample No. 3152 does not rep- 
resent a magma; it had gained olivine which sank down as crystals 
from above, but lost other constituents by gaseous transfer. 


ANALYSES, NORMS, AND PETROGRAPHIC DESCRIPTIONS 


Sixteen of the analyses, together with their calculated normative 
compositions, are given in Table 3. The discussion following also 
includes the average Kearsarge and Greenstone flow data, given earlier 
in this paper. 


Sample No. 3091. T. Kameda, analyst. Typical feldspathic melaphyre. Com- 
posite sample of 18 pieces from flow 937 to 1043 feet below collar of Diamond 
Drill Hole 2, 34th level, about 160 feet north of No. 15 shaft, Calumet and Hecla. 
True thickness of flow, 83 feet. Three thin sections, from top, middle, and bottom 
of flow, show labradorite, augite, magnetite. There is a strong tendency for the 
feldspars to clot together. Interstitial glass is chloritized. 

Sample No. 3095. T. Kameda, analyst. Typical ophite. Composite sample 
of 18 pieces from flow 69 to 175 feet below collar of Miskwabik Diamond Drill 
Hole 9. True thickness of flow, 106 feet. Three thin sections from top, middle, 
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and bottom of flow examined. Labradorite and augite in typical ophitic rela- 
tionship. Numerous areas of former olivine, now bowlingite. Interstitial glass 
is chloritized. Some coarse interstitial magnetite. 

Sample No. 3103. R. B. Ellestad, analyst. Typical glomeroporphyrite. Com- 
posite sample of 16 pieces of drill core from flow 513 to 586 feet below collar 
of Torch Lake Diamond Drill Hole 8. True thickness of flow, 60 feet. Three thin 
sections from top, middle, and bottom of flow examined. Plagioclase near oligo- 
clase. Pyroxene not as abundant as in the ophites. Olivine serpentinized. Large 
amount of chloritized interstitial glass. Some interstitial magnetite. 

Sample No. 3104. R. B. Ellestad, analyst. Fine-grained melaphyre without 
phenocrysts. Composite sample of eight pieces of drill core from flow 267 to 
309 feet below collar of Cliff Diamond Drill Hole 21. True thickness of flow, 
42 feet. One thin section from middle of flow examined. Largely andesine 
feldspar, a little pyroxene, many euhedral magnetite crystals. No olivine. Inter- 
stitial glass chloritized. 

Sample No. 3106. R. B. Ellestad, analyst. Fine-grained melaphyre with numer- 
ous phenocryst-like clots of feldspar. The Ashbed porphyrite. A composite 
sample of six pieces of drill core from flow 418 to 441 feet below collar of Cliff 
Diamond Drill Hole 19. True thickness of flow, 23 feet. One thin section from 
middle of flow examined. Andesine predominant. Small pyroxenes. Large ser- 
pentinized olivine areas. Interstitial glass chloritized. Some interstitial magnetite. 

Sample No. 3110. R. B. Ellestad, analyst. Glomeroporphyrite. A composite 
sample of eight pieces of drill core from flow 581 to 614 feet below collar of 
Diamond Drill Hole 1, 22nd level south of No. 14 shaft, Calumet and Hecla. 
True thickness of flow, 33 feet. One thin section from middle of flow examined. 
Andesine-labradorite predominant. Some pyroxene and serpentinized olivine. 

Sample No. 3127. S. Goldich, analyst. Fine-grained melaphyre. Composite 
sample of 20 pieces of drill core from flow 92 to 287 feet below the collar of 
Mendota Diamond Drill Hole 49. True thickness of flow, 192 feet. One thin 
section examined. High proportion of plagioclase feldspar with small interstitial 
areas of pyroxene and chloritized glass. Some euhedral magnetite. Pyroxene 
areas disconnected, without the crystallographic continuity over large areas which 
is shown by the pyroxene of the ophites. 

Sample No. 3129. S. Goldich, analyst. Fine-grained melaphyre. Composite 
sample of 14 pieces of drill core from flow 287 to 424 feet below the collar of 
Mendota Diamond Drill Hole 49. True thickness of flow, 136 feet. One thin 
section examined. Much like sample No. 3127. Andesine feldspar with discon- 
nected interstitial areas of pyroxene and stubby magnetites. 

Sample No. 3156. R. B. Ellestad, analyst. Felsite of Bare Hill. Sample taken 
by chipping outcrops along four cross-sections of the mass and making a com- 
posite. Granophyric intergrowth of quartz and feldspar abundant in thin section. 
Fine-grained with quartz phenocrysts. Is regarded as intrusive because of cross- 
cutting relationships with the rest of the series. Mass has diameter of about half 
a mile where sampled. 

Sample No. 3157. R. B. Ellestad, analyst. Felsite of Mt. Houghton. Sample 
taken of lower half of mass (stratigraphically). The felsite here is about a 
quarter of a mile across the strike. Although there is no positive evidence as to 
intrusive or extrusive character of this body, the lack of crosscutting relation- 
ships has favored its being regarded as extrusive. Sample composite of chips 
along two cross-sections. 


ot 
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Sample No. 3159. S. Goldich, analyst. Same as No. 3157; taken along two 
cross-sections of upper half of mass. Two samples, one of the upper part and one 
of the lower part of the Mt. Houghton felsite were taken to see if any difference 
due to differentiation could be detected. Inspection of the analyses and the 
norms showed the differences to be inconspicuous. 

Samples No. 3161. S. Goldich, analyst; 3163, R. B. Ellestad, analyst; and 
3166, R. B. Ellestad, analyst. Made from hand specimens of three phases of 
the Mt. Bohemia gabbro—gabbro aplite series. The first is the gabbro aplite, 
the third a rather basic phase, while 3163 is an intermediate type. These have 
been described petrographically by F. E. Wright.” The mass is intrusive. 

Sample No. 3169. R. B. Ellestad, analyst. “Felsite porphyrite.” Montreal 
River area, Keweenaw County. Sample is a composite of chips from outcrops 
across the flow. This is from the bed referred to as “Bed G” by L. L. Hubbard” 
The analyses given on his page 26 are too high in alkalies to be consistent with 
the rest of the series, so the bed was re-sampled and re-analyzed. The new 
analysis and norm as given by sample 3169 are, in spite of the weathered con- 
dition of the outcrop, consistent with the rest of the series. The high normative 
hematite content is probably due to weathering. 

Sample No. 3170. R. B. Ellestad, analyst. “Porphyrite.” Montreal River area, 
Keweenaw County. Sample is a composite of chips from outcrops across the 
flow. This is from the bed referred to as “Bed E” by Hubbard” The analysis 
given on his page 25 is too high in alkalies to fit in with the rest of the series, so this 
bed also was re-sampled and re-analyzed. As will be noted, the new analysis and 
norm as given by sample 3170 are, in spite of the weathered condition of the out- 
crop, consistent with the rest of the series. The high normative hematite content 
is probably due to weathering. 

Samples Nos. 3112, 3113, 3115, 3117, 3119, 3121, 3123, as described elsewhere, 
are composite samples of different parts of the Kearsarge flow taken from top 
to bottom in the order named. The flow is an ophite with plagioclase pheno- 
crysts. The samples are made up of a total of 46 pieces of drill core from 
Calumet and Hecla Diamond Drill Hole 1, 32nd level, 350 feet south of No. 14 
shaft. They were taken from a depth of 132914 to 1493 feet below the collar 
of the hole. The true thickness of the flow is 164% feet. The phenocrysts are 
labradorite, and so is the later feldspar of the body of the flow, although in 
sample 3113 it is close to oligoclase. Augite and plagioclase in typical ophitic 
relationships. Interstitial glass chloritized. Olivine areas now serpentine. Mag- 
netite a late constituent. The variations in this bed from top to bottom due 
to differentiation are described elsewhere. The average analysis used in the dis- 
cussions in this section of the paper was calculated from the analyses of the 
different parts of the flow. 

Samples Nos. 3132 to 3154 inclusive (even numbers), as described elsewhere, are 
composite samples of different parts of The Greenstone flow, taken from top 
to bottom in numerical order. The flow is an ophite, and is the thickest flow 
in the district. The samples are made up of a total of 154 pieces of drill core 
from Manitou Frontenac Diamond Drill Holes 3-5-N, 679 to 795 feet, and 3-4-N, 


2F. E. Wright: The intrusive rocks of Mt. Bohemia, Michigan, Mich. Geol. Surv., Ann. 


Rept. (1908) p. 361-397. 

13. L. Hubbard: Keweenaw Point, with particular reference to the felsites and their 
associated rocks, Mich. Geol. Surv., vol. 6, pt. 2 (1898) p. 25-26. 

14 Op. cit., p. 24-25. 
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51 to 600 feet, and 3-3-N, 40 to 614 feet. The true thickness of the flow in this 
section is 1239 feet. Twelve thin sections were studied, one for each of the sepa- 
rate samples. The flow is an ophite, with labradorite and augite in the typical 
ophitic relationship. Toward the lower part, olivine, largely serpentinized, be- 
comes fairly abundant, and the plagioclase becomes more basic. In the upper 
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parts, particularly in the “doleritic” layers, the feldspar becomes andesine and 
olioclase, and there are concentrations of the ore minerals. These features have 
been discussed elsewhere. The average analysis used in the discussions in this 
section of the paper was calculated from the analyses of the different parts of the 


flow. 
The calculated normative compositions of these eighteen samples 


are shown in Figure 16. From left to right the first fifteen samples are 
arranged in order of their increasing content of normative quartz plus 
orthoclase plus albite. The last three samples are of phases of the 
Mt. Bohemia gabbro, an intrusive. 


VARIATION DIAGRAM 


In the variation diagram the percentages of the common constituents 
of a given rock series are plotted against silica percentages. It has 
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Ficure 17.—Variation diagram, Keweenawan igneous rocks of 
Michigan copper district 
X indicates intrusives of Mt. Bohemia. 
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been shown that when so plotted the points representing the rocks of 
an individual province lie fairly close to smooth curves. The curves 
representing different provinces, while varying in detail, are, neverthe- 
less, of a configuration characteristic of each constituent. Thus, mag- 
nesia and lime decrease with increasing silica, while potash and soda 
increase. Figure 17 shows that the points for the Keweenawan rocks 
lie fairly close to curves which are of the shape typical for variation 
diagram curves. The greatest discrepancy comes in the case of the 
points representing the Mt. Bohemia gabbro. These, indicated by 
crosses on the diagram, have been ignored in plotting the curves. As 
has been noted, the gabbro is an intrusive rock and might not be 
expected to show conformity to the points representing the extrusives. 
Figure 18 shows the Keweenawan variation curves for the common 
constituents, together with the curves for the rocks of Mull, Lassen 
Peak, and Katmai regions for comparison. The outstanding difference 
shown by the Keweenawan is its high potash content. These particular 
provinces were chosen because they have been extensively studied and 
are frequently referred to in petrographic literature. 

The curves for the minor elements have also been drawn. Some of 
them, like MnO, are fairly regular; others, like Cu, are approxima- 
tions which might be changed considerably with further data. 

In general, however, points representing Keweenawan rocks do cor- 
respond fairly well to the familiar variation diagram curves, and the 
question arises here, as well as in all other such cases, why there is 
such a regularity of behavior. The explanation given by petrologists 
is that the rocks have been derived from a common magma by some 
process of differentiation. In the first section of the paper it was shown 
that two processes seem to be necessary to explain the effects of differ- 
entiation in individual lava flows of the series. Is it possible that 
study of these processes and their effects in individual flows would 
throw some light on the processes which occurred in depth to produce 
the different flow types? In studying this question, a number of dia- 
grams expressing different relationships between the constituents will 
be discussed. These relationships are shown on the diagrams, both 
for the flows of the district as a whole and for the parts of the individual 
flows studied, so that a comparison can be made. 


INDIVIDUAL FLOW DIFFERENTIATES AND VARIATION DIAGRAM 


First will be discussed the samples of the parts of The Greenstone 
and Kearsarge flows as represented on the variation diagram for the 
flows in general. In Figure 19, circles representing the samples of The 
Greenstone flow and crosses representing the samples of the Kearsarge 
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Ke = Michigan Keweenawan (heavy, solid line); Ka = Katmai 
province (dot-dash line); L = Lassen Peak province (light, solid 
line); M = Mull province (dash line). 
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flow have been plotted on the variation diagram for the district. A 
rather remarkable correspondence between the trends of the differen- 
tiation in these individual flows and the trends of the district differen- 
tiation supposedly within the magma chamber is to be noted. Thus, 
where the curves of the variation diagram show a decrease in the con- 
stituent represented with increase in SiO,, as in the case of the MgO, 
CaO, and Al,O,, the differentiates of the two individual flows studied 
show the same tendency. Similarly, where there is an increase in the 
constituent represented with increase in SiO,, the differentiates of the 
two individual flows studied show a similar tendency. Since the effects 
in the flows arise from both crystallization differentiation and volatile 
transfer, it is therefore apparent that over the silica range of 46 to 51 
per cent, as covered by these flow differentiates, the normal variation 
diagram is, in the general trend of its curves, capable of expressing the 
relationships among rocks formed by either process. 

The adequacy of the variation diagrams to express the relationships 
among differentiates formed by crystallization processes has been dis- 
cussed by Bowen."® The same investigator has likewise pointed out ** 
that among other elements which might be expected to occur with 
silicon in the gas phase are Na, K, Fe, Ti, S, and Cu. The prominent 
rock-forming elements Ca and Mg, he says, should be expected “‘to be 
hardly represented at all.” Qualitatively, these two lists, the one of 
elements occurring with silicon in the gas phase and the other of 
elements absent in the gas phase, could be deduced as follows from 
the curves of the variation diagram. Those elements which increase 
with increasing silica (in the lower silica ranges) slope upward to the 
right and are the same elements listed by Bowen as accompanying 
silicon in the gas phase. Those which decrease with increasing silica 
(in the lower silica ranges) slope downward to the right and are those 
elements which Bowen says should “be hardly represented at all” in 
the gas phase. Thus, from both the theoretical approach as stated 
by Bowen and the actual plotting of differentiates due to volatile 
transfer, the variation diagram curves may be regarded as capable of 
expressing the general tendencies of differentiation by volatile transfer, 
as well as of crystallization differentiation, at least for the lower silica 
ranges. 

From this fact no conclusions are drawn as to the interpretations 
of the variation diagram curves in terms of what may have been the 
dominant differentiation process in depth. It is necessary to recognize, 


%N. L. Bowen: The lution of the ig rocks, Princeton Univ. Press (1928) p. 92-124. 
186 Idem: The broader story of magmatic differentiation, briefly told, chapter in Ore deposits of 
the Western States, Am. Inst. Min. and Met. Eng. (1933) p. 120. 
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Ficurs 19.—Differentiates of The Greenstone and Kearsarge 
flows represented on variation diagram for 
rocks of the district in general. 
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however, that the correspondence of the rocks to normal variation 
diagram curves does not preclude the possibility that volatile transfer 
played an important part in the differentiation over the silica range 
of 46 to 51 per cent at least. 


ALKALI-SILICA RATIOS 


Figure 20 shows per cent of alkalies (Na,O + K,O) plotted against 
silica content for the Keweenaw Point rocks, and, as a basis of com- 
parison, for the Katmai and Lassen Peak series. The Katmai and 
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Ficurs 20.—Total alkali-silica ratios of Michigan Keweenawan, Lassen Peak and Katmai provinces, 
and the differentiates of The Greenstone and Kearsarge flows compared 


Lassen Peak points lie pretty well along a straight line, indicating 
over the entire range a uniform increase in alkalies with increase in 
silica. The Keweenawan series differs, however, in that for a silica 
content of about 47 per cent, there is a wide range in combined alkalies 
(2.64 to about 6.00 per cent). Thus, the curve is vertical at its lower 
end, cutting across the trend of the Lassen-Katmai curve; then it turns 
and parallels the latter for the higher silica ranges. The distance 
between the two curves shows that for a given silica content above 
50 per cent, the Keweenawan rocks have from 2 to 214 per cent greater 
combined alkali content. 

In the lower right corner of Figure 20 are insets showing how the 
different samples of The Greenstone and Kearsarge flows vary in their 
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silica to combined alkali ratios. 


The interesting point brought out 


is that the curves for both flows are nearly vertical lines. They are 
shown in the main part of the diagram by short dashes. Why should 
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Ficure 21.—MgO-TiOz ratio plotted against AlzOs-K20 ratio 
For the Michigan Keweenawan, Lassen Peak, and Katmai provinces, and the differentiates of 
The Greenstone and Kearsarge flows. 


the curves expressing differentiation effects in individual Keweenawan 
flows be consistent with the curve expressing the sub-crustal differen- 
tiation of the Keweenawan? And why should both types of curve 
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cut across those of the Katmai and Lassen Peak provinces? An obvious 
reply to the first question would be that they both picture the same 
types of differentiation. Since volatile transfer appears to have been 
an important process in the individual flows, these curves would make 
it appear that this process was likewise important in the sub-crustal 
differentiation in Michigan. In reply to the second question it seems 
reasonable to suggest, as the next logical step in the reasoning, that 
since the Katmai and Lassen curves do not show the peculiarities of 
the Keweenawan, the process of differentiation by volatile transfer 
was not an essential cause of their differentiation. 


OTHER CHEMICAL RATIOS 


Other diagrams bring out this same feature—namely, that chemical 
relationships in the differentiates of the individual flows, best explained 
by volatile transfer, are to be found in the Keweenawan as a group, 
and that these same features are not present in the Katmai and Lassen 
rocks. Thus, in Figure 21, three of the quadrants of the diagram show, 
as indicated, points representing the Lassen Peak, Katmai, and Michi- 
gan Keweenawan rocks. These points are based upon the MgO : TiO, 
ratio plotted against the Al,O, : K,O ratio. The long dash lines outline 
the areas in each case within which the points lie. It will be noted 
that the first two provinces are depicted by points which lie within 
areas whose boundaries rise steeply from the base line, but those depict- 
ing the Keweenawan lie within an area whose boundaries are at a much 
lower angle with the base. In the lower left quadrant are plotted the 
points representing the differentiates of the two individual Keweena- 
wan flows studied. The short dash lines representing the average of 
these details are placed in their proper position in the lower right 
quadrant. They are nearly parallel to the axis of the Keweenawan 
area in general. This diagram, therefore, affords another instance of 
the differentiation of the Keweenawan as a whole, having certain char- 
acteristics of differentiation by volatile transfer as shown by individual 
_ flows of the series but not shown by the Katmai and Lassen provinces. 


NORMATIVE MINERAL GROUPS 


Description of diagram.—Finally, Figure 22 is presented. It is a 
triangular diagram, the points of which represent groups of normative 
minerals selected from the data presented in Figure 7 as being minerals 
which vary sympathetically. Thus, quartz, orthoclase, and albite are 
selected for one apex; hypersthene, olivine, and anorthite for another; 
and diopside, magnetite, hematite, ilmenite, and apatite for the third. 
The curves plotted in Figure 7 show that in the differentiation of The 
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Greenstone flow, the normative minerals within these three groups do 


vary sympathetically. 
Within the shaded area, Katmai and Lassen Peak analyses are 


plotted. The small circles represent the Keweenawan analyses, and 
Q+Or+Ab 
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Ficure 22.—Normative minerals of Michigan K: , Lassen Peak and Katmai provinces, 


and the differentiates of The Greenstone and Kearsarge flows compared 


the heavy dash curve shows their trend. The relationships suggest 
those of Figure 20 in that in the lower silica ranges the Keweenawan 
curve cuts across the Katmai-Lassen Peak curves, but with further 
silica increase runs parallel to them. 

In the lower left corner, the analyses of the differentiates of the 
two flows are plotted, the Kearsarge as circles and The Greenstone as 
crosses. Here an interesting and significant fact is brought out. Three 
of these samples are extreme examples of volatile transfer differentia- 
tion—3136 and 3140 of The Greenstone series and 3113 of the Kear- 
sarge. These samples do not lie along the direction established by 
the curves representing the other samples of these flows but are on 
branches from it. The curves so derived have been placed in their 
proper position in the main part of the figure. In the lower portions, 
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The Greenstone curve (solid) and the Kearsarge curve (light dash) 
follow closely the general curve for the Keweenawan (heavy dash). 
Then the first two suddenly branch off to include the three samples 
(3113, 3136, and 3140) which are pronouncedly of volatile transfer 
origin; here the district curves, picturing sub-crustal differentiation, 
and the individual flow curves, picturing extreme differentiation by 
volatile transfer, part company. 


Interpretation of diagram.—On this basis it seems necessary to 
modify somewhat the statements made in the discussions of Figures 20 
and 21. While it is true that the Keweenawan district curves follow 
the curves for the individual lava flow differentiates for a certain dis- 
tance and thus may be supposed to indicate the operation of processes 
of volatile transfer, nevertheless, the more extreme examples of the 
latter process depart from the average curve for the district. In these 
cases, volatile transfer has produced high iron- and titanium-bearing 
rocks, and not the granitic types represented by the upper corner of 
the diagram. Therefore, this behavior of iron indicates that the process 
of differentiation by volatile transfer is subject to the same objection 
regarding adequacy to produce granitic types which has been urged 
against crystallization differentiation.17 Bowen, Schairer, and Wil- 
lems ** offer a way around the objection in the case of crystallization. 
They suggest that crystallization differentiation in basalts where cool- 
ing is rapid and degree of fractionation low may result in highly fer- 
ruginous final liquid, but that in intrusives where cooling is slow and 
degree of fractionation high, it may result in highly siliceous final 
liquid. 

GENERAL DISCUSSION 

This failure of differentiation by volatile transfer to produce granite 
types as displayed by the lava flows, and the suggestion by Bowen, 
Schairer, and Willems that where cooling is slow and fractionation 
high granite types may be produced by crystallization differentiation, 
would both seem to point to some process involving crystallization 
differentiation as having produced the various types of flows. There 
is one condition which must be recognized here—the great majority 
of the flows, particularly the more basic, were poured out as liquids 
and crystallized after becoming essentially quiescent. Evidence for 
this is the clear-cut relationship of grain size to distance from the tops 
and bottoms of the flows, and the absence of flow structure as shown 
by the distribution and lack of alignment of the crystals. 


17C. N. Fenner: The crystallization of basalts, Am. Jour. Sci., vol. 18 (Sept. 1929) p. 225-253. 
18 N. L. Bowen, J. F. Schairer, and H. W. V. Willems: The Ternary system, Na, Si0,,—Fe,0,,— 
SiO,, Am. Jour. Sci., vol. 20 (1930) p. 450-454. 
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However, the objections mentioned here to both crystallization and 
volatile transfer differentiation can be answered without serious incon- 
sistency with known principles and facts. The fact that the district 
curves do follow the volatile transfer differentiation curves of the 
individual flows for some distance before the latter branch off suggests 
that perhaps volatile transfer was effective in both cases, but with 
different results under deep-seated conditions than under surface 
conditions. 

On the other hand, if crystallization differentiation is regarded as 
producing the different flow types, the fact that they were extruded 
essentially as liquids is not necessarily inconsistent. The problem 
here would be to explain what became of the mass of crystals whose 
separation in deep chambers was an essential part of the process. 
Since no rocks which would seem to have the necessary qualifications 
of these hypothetical early-formed, basic differentiates are known in 
the Keweenawan, it seems necessary to assume that if they were pro- 
duced they were not extruded and erosion has not cut deeply enough 
to uncover them. If the primary magma were of the composition of 
the ordinary ophite of the Keweenawan, of which type The 
Greenstone is probably a fair sample, then this type of rock, which 
constitutes the greater part of the known Keweenawan extrusives, is 
simply extruded undifferentiated magma. The acidic extremes, such 
as the quartz porphyries, and the intermediate types, such as the “fine- 
grained melaphyres,” are less abundant in the known sections. The 
complementary differentiate, more basic than the primary magma (in 
this case assumed to be basalt), is then the missing type which does 
not appear in the known Keweenawan. 

The alternative to regarding the basalt as the primary magma is 
to regard it as a differentiate of some other primary magma which was 
more basic. If there were such a magma, then by crystallization differ- 
entiation the basalt, the quartz porphyries, and the intermediate types 
would be the residual liquids at different stages of the process. They 
could have been separated from the crystalline phase by the various 
mechanisms, such as filter pressing or gravity, which have been sug- 
gested. The objection to this point of view is that there is no known 
Keweenawan rock corresponding to this assumed more basic primary 
magma. 

If, on the other hand, the primary magma were of the intermediate 
type, between the basalt or ophite and quartz porphyry in composition, 
the problem confronting the advocate of crystallization differentiation 
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would be to produce the enormous quantities of liquid basalt which 
were extruded without phenocrysts. 


SUMMARY 


In summary, the following may be said regarding the deep-seated 
differentiation which gave rise to the various — of flows occurring 
in the Keweenawan of Michigan. 

1. Eighteen of the typical rocks of the district were selected for 
analysis. In all cases except the three samples of the Mt. Bohemia 
gabbro, the sampling was done across the entire flow and a composite 
analyzed. Thus, each analysis represents not merely a rock specimen, 
but a true liquid or magma (minus escaped volatiles). 

2. Points representing the various flows fall reasonably close to the 
typical curves of the variation diagram. As compared with the Kat- 
mai, Lassen Peak, and Mull provinces, the Keweenawan shows high 
potash. 

3. Points representing the various parts of the Kearsarge and Green- 
stone flows, as described in the first part of this paper, show the same 
general trends, indicated by points representing the various types of 
the district. Since volatile transfer is thought to have played an 
important part in the differentiation within the individual flows, this 
general correspondence of the points representing these samples to the 
variation diagram for the district means that over the silica range 
covered by those flow differentiates (46 to 51 per cent) the normal 
variation diagram may represent rocks formed by volatile transfer as 
well as crystallization differentiation. 

4, Alkalies plotted against SiO, and the ratio MgO : TiO, plotted 
against the ratio Al,O, : K,O both show that the Keweenawan rocks, 
as a whole, differ in some respects from the Lassen Peak and Katmai 
rocks. The same diagrams indicate that the differentiates of the indi- 
vidual Keweenawan flows have the same peculiarities as does the deep- 
seated differentiation of the district as a whole. Since these pecul- 
iarities in the individual flows are supposedly due to differentiation 
by volatile transfer, a similar mode of differentiation in the magma 
chamber before extrusion is suggested for the rocks of the district 
as a whole. Inasmuch as the Katmai and Lassen Peak rocks do not 
show these peculiarities, the suggestion is that volatile transfer may 
not have played a prominent part in their formation. 

5. A triangular diagram showing variations in groups of normative 
minerals for the Katmai, Lassen Peak, and Keweenawan areas indi- 
cates the same general deductions as advanced under points 3 and 4 
above. However, this diagram shows that the more extreme results 
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of differentiation by volatile transfer as shown by certain phases of the 
flows, indicating rock types high in Fe, Ti, and other constituents, 
are represented by points lying along curves which branch off sharply 
from those representing the normal trend between basalt and quartz 
porphyry. Therefore, while volatile transfer appears to have played 
a@ more important part in the Keweenawan than in the other provinces 
used for comparison, the process either proceeded along different lines 
or went further in the individual flows than in the deep magma 
chamber, and developed types decidedly different from those in the 
normal range from basalt to quartz porphyry. The inference is that 
either some other process of differentiation must have been operative 
to produce the more acidic rocks of the normal sequence or that the 
results of volatile transfer differentiation are different under surface 
and deep-seated conditions. 

6. The theory of ascribing the deep-seated differentiation to proc- 
esses of crystallization, starting with a primary basaltic magma, 
encounters the difficulty that no rocks more basic than basalt are 
known in the Keweenawan. This is not an insuperable difficulty, how- 
ever. 

7. It would seem that the interpretation of certain features as favor- 
ing or disfavoring one process of differentiation over another must be 
used with caution. Thus, it has been urged that crystallization differ- 
entiation would tend to concentrate the iron in the more siliceous 
differentiates and therefore not produce a granite type. In the first 
part of this paper it was shown that the more extreme effects of volatile 
transfer likewise concentrated the iron in the more siliceous differen- 
tiates. On the other hand, it has been urged that the regular variation 
diagram curves are theoretically of the shape which would be expected 
if crystallization differentiation were operative. However, it has been 
shown that both from theoretical considerations and from the actual 
occurrences of rocks formed by volatile transfer, the latter process pro- 
duces types which, in the lower silica ranges at least, follow the general 
trends of the variation diagram curve. 

8. It does not seem possible to say with certainty what processes 
operated to produce the various Keweenawan lava types. There is a 
strong suggestion that volatile transfer played some part in the dif- 
ferentiation, but that process as it has operated in the individual flows 
did not tend to produce rocks of granite composition as extreme types. 
Therefore, if volatile transfer produced the Keweenawan quartz por- 
phyries, it operated differently than in the individual flows. Other- 
wise, some other process of differentiation must be called upon to 
explain the regional differentiation. 
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FLOW CYCLES 


Petrographic literature records many descriptions of flow sequences 
and many discussions of flow cycles. No consistent order of general 
application has developed from these observations. Studies of the 
Keweenawan successions do hint at a regularity, indicating that per- 
haps the flows of different composition succeeded one another in recur- 
rent cycles. 

Even if the lava types from a single vent in a single chamber were 
poured out in definite cycles, there would be factors tending to obscure 
this fact under conditions such as are actually present in the Michigan 
Keweenawan. In the first place, individual flows vary widely in their 
thickness. Some of them in the known sections are so thin that where 
seen they must be close to their margins. Therefore, at a given place 
only those flows are seen which extended that far from the source. 
Since the zone of observation on Keweenaw Point may be thirty miles 
or more from the vents, it is likely that there are many flows which do 
not extend that far. Therefore, only a partial record of the sequences 
is to be seen. Then there is the possibility that at a given place the 
flows came from vents leading to different chambers, in each of which 
differentiation may have proceeded independently of the other cham- 
bers. Therefore, at a place where the flows came from different vents, 
different cycles in different phases would have been superimposed upon 
one another. Furthermore, a given chamber might have had vents 
reaching to different depths, so that eruptions from different levels 
irregularly would have formed sequences which would be independent 
of any true cycle related to differentiation. 

In view of these factors which would obscure the presence of cycles 
even if they existed, one is justified in expecting to find lack of regu- 
larity in flow sequence the rule. Therefore, in attempting to find evi- 
dence of flow cycles, one should take that fact into consideration and 
not be too rigid in his requirements. With this explanation of the un- 
satisfactory nature of the evidence, the following facts are presented 
as possibly indicating the presence of flow cycles in the Michigan 
Keweenawan. 

(1) Thick flows are likely to be ophites. 

(2) Felsite flows are likely to be lenticular and not extensive. 

(3) In the case of certain of the extensive and best known sediments, 
characteristically felsite conglomerates, the immediately preceding 
flow, or group of flows, is of an intermediate type, known as glomero- 
porphyrite. The immediately succeeding flow is an ophite. As ex- 
amples, may be mentioned the Allouez and Kearsarge conglomerates 
and the Wolverine Sandstone. 
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4. In these cases and others, including Conglomerates No. 3 and 
No. 8, the immediately succeeding ophites are exceptionally thick and 
in many places doleritic. Examples of the doleritic ophites which suc- 
ceed sediments are The Greenstone, St. Louis Trap, and the flow above 
the Kearsarge Conglomerate. 

5. The few ophites having occasional plagioclase phenocrysts imme- 
diately follow sediments. 

6. There is evidence that felsite flows rapidly break down and yield 
conglomerate deposits. Hubbard and Lane, of the Michigan Geologi- 
cal Survey, and Aldrich, of the Wisconsin Geological Survey, describe 
occurrences which led them to believe that such breakdown of acidic 
flows, forming a sediment before the next flow came, were more or less 
common. Therefore, there is some justification for believing that a 
felsite sediment is the equivalent of an acidic flow in that same hori- 
zon, and that, if such sediments could be followed down toward the 
source of material, a felsite flow would be found in many cases. 

This succession of glomeroporphyrite followed by felsite conglom- 
erate, followed by ophite, seems to be sufficiently common in the case 
of the persistent sediments to be significant. There is a suggestion 
that the cycle started with the thick ophite extrusion, followed by thin- 
ner and more acidic types, until the glomeroporphyrite appeared. 
Then, if the tendency toward outpourings of increasing acidity con- 
tinued, a felsite flow should have appeared. But the felsite might have 
piled up near the vent, and perhaps have plugged it. In that case, 
erosion might have broken down the felsite flow, so that debris would 
have been spread out in that horizon; and at a distance from the vent, 
instead of a felsite flow, there would now be a felsite conglomerate. 
During this postulated interval of erosion and volcanic quiescence, 
stresses would accumulate and finally become sufficient to cause an- 
other opening; then another cycle would start with a thick ophite. 

While it is true that this sequence occurs in a sufficient number of 
cases to be significant, the writer has not as yet been able to fit it into 
a consistent picture with any process of differentiation within the 
chamber. In fact, if the more acidic differentiates rise to the top of the 
chamber, the cycle might be expected to start with that type, followed 
by the more basic. 

A similar sequence, from basic to acidic, was suggested as a possi- 
bility in the Michigan Keweenawan by Lane’ in connection with 
his work on Isle Royale, and by Hubbard *° in connection with his 
work on the felsites of the Montreal River area in Keweenaw County. 


2 A.C. Lane: The Keweenaw series of Michigan, Mich. Geol. and Biol. Surv., Pub. 6, geol. 
ser. 4, vol. 2 (1909) p. 739. 
LL. L. Hubbard: Keweenaw Point, Mich. Geol. Surv., vol. 6, pt. 2 (1898) p. 32. 
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APPENDIX 
COPPER AND SULPHUR DETERMINATIONS 


In making calculations and drawing curves, use was made of copper 
and sulphur determinations carried to the third decimal place. These 
determinations are as follows: 


Sample No. Cu 8 Sample No. Cu Ss 
008 010 016 014 
022 015 005 .004 
038 018 004 .006 
023 014 006 003 
003 014 014 012 
003 012 015 082 
003 .006 011 016 
013 008 029 022 
010 030 011 014 
014 011 017 018 
om 002 015 .013 022 

.010 014 
.008 010 


Weighted average 3112 to 3123; Kearsarge flow: Cu = .009; S = .008. 
Weighted average 3132 to 3154; The Greenstone flow: Cu = .012; S = .023. 


METHODS OF SAMPLING AND CORRESPONDING ANALYSES COMPARED 


It is of interest to compare analyses made of the composite samples 
used in this study with those made from hand-specimens. Two such 
cases are available—The Greenstone (calculated average of analyses 
3132 to 3154 inclusive) and the Ashbed (analysis 3106) as compared 
with analyses of hand-specimens of these beds by Steiger. 

In the case of The Greenstone, the two analyses check fairly well, 
indicating that the hand-specimen chosen was not far from the average 
composition of the flow as a whole. The greatest divergences, in terms 
of normative minerals, are in the orthoclase, diopside, and olivine. As 
has already been mentioned, it would be easy to find eee semen 
of The Greenstone of decidedly different composition. 

In the case of the Ashbed, the correspondence is not so good, none 
of the important normative minerals agreeing well in amount. How- 


q 
| 
i] 
i 
i 
| 
| 


556 1. M. BRODERICK—DIFFERENTIATION IN KEWEENAWAN LAVAS 


ever, in order to make the comparison fair, the samples should per- 
haps be taken in the same cross-section. 
several miles apart, along the strike. 


These two were taken 


The Greenstone The Ashbed 
Average 
Nos. 3132 | Steiger” No. 3106 | Steiger 
to 3154 
H,0+ 2.21 2.04 3.23 1.96 
.08 None Os. 10 None 
100.00 100.29 ci 100.00 100.03 
Norms Norms 
_ 32.53 20.85 13.07 
11.96 15.60 11.37 15.12 
| 4.01 4.93 2.00 


2.C. R. Van Hise and C. K. Leith: Geology of the Lake Superior region, U. S. Geol. Surv., 
Mon. 52 (1911) p. 405-406. 
22 Ibid. 
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CALCULATIONS 


It has been decided not to include any of the extensive calculations 
upon which the diagrams of the present paper are based. One feature 
will be explained, however. It was assumed that specific gravity did 
not vary from top to bottom of the flows, except where actual deter- 
minations were available, as in the case of The Greenstone, Kearsarge, 
and Cape Spencer flows. Therefore, in Figures 6, 10, 12, showing per- 
centages of normative minerals by cross-hatched patterns, the height 
of each area is proportional to the percentage by weight of the norm 
mineral, and its width is proportional to the product of flow thickness 
represented, multiplied by the specific gravity of the sample. Thus, 
the relative sizes of the areas represent relative proportion by weight 
of the normative minerals. Similarly, in constructing Figures 5, 7, 
9, 11, and 13, the specific gravities of the samples were known and 
used in the calculations. In the other diagrams of the same types, 
where specific gravities were not known, the assumption of uniform 
specific gravity throughout the flows necessarily introduces a small 
error in the figures. This error is not enough to appreciably modify 
any of the conclusions of the paper, however. 


SUGGESTIONS FOR FURTHER WORK 


The amount of material available would allow many more problems 
to be investigated. The variations of a flow along the strike might 
make an interesting study. It is known that the same flow may be 
classified as ophite and feldspathic melaphyre at different places along 
the strike. The differentiation from top to bottom of other flows 
should be studied. Other doleritic ophites are known, and whether 
they form the same type of differentiates as The Greentone should be 
determined. A study of all the doleritic streaks in a flow might show 
some interesting progressive changes from the uppermost downward. 
In the present study, only two of the half dozen or more were the ob- 
jects of separate analyses. 

It is important to know whether there is a consistent zone near the 
top of flows where there is a concentration of the volatiles, as in the 
Kearsarge. 

Flows of types other than ophitic should be the objects of study. 

Grout has stated that there are Keweenawan flows in Minnesota 
much fresher than those selected for this study. The alterations in the 
latter are thought to be due chiefly to the volatiles given off by the 
flow itself—i. e., of the deuteric type. If the Minnesota flows do not 
have such alterations, it may mean that they did not have large quan- 
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tities of volatiles and consequently would not show such marked dif- 
ferentiation due to volatile transfer. A study of differentiation in 
such flows would, therefore, be interesting. It might be found that 
the only differentiation effects in “dry” flows would be those due to 
gravity—i. e., settling or floating of crystals. 
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INTRODUCTION 


The St. Peter sandstone is the most widespread arenaceous terrane 
of the Ordovician in the Mississippi Valley region (Fig. 1). The for- 
mation has been studied and described in Illinois, Missouri, Arkansas, 
and Oklahoma, but has not been given a comprehensive sedimentary 
analysis in the upper Mississippi Valley. This study was undertaken 
in an attempt to determine the characteristics of the formation nearer 
the source of its sands and to compare the St. Peter of Minnesota and 
Wisconsin with that of the regions farther south (Fig. 1). 

It has been stated frequently that the St. Peter sandstone was 
derived from the Potsdam sandstone that cropped out around the 
south margin of the pre-Cambrian shield in the upper Mississippi 
Valley region during Ordovician time. These formations, already 
composed of well-sorted and well-rounded components, supplied the 
sands that characterize the St. Peter sandstone. These sands were 
delivered to the Ordovician sea by rivers flowing southward, and by 
winds that removed clayey components and drifted the sands to the 
river valleys and locally to the sea. 

No attempt has been made previously to compare the St. Peter 
sands with those of the older Paleozoic formations from the stand- 
point of their median size, coefficient of sorting, and other textural 
and mineralogic characteristics. Furthermore, in all previous studies 
no uniform system was employed in making mechanical analyses. The 
screens were not calibrated according to the recommendations of the 
Committee on Sedimentation of the National Research Council, nor 
were the samples taken according to their specifications. The screens 
used in earlier studies were those commonly employed in engineering 
practice. From a scientific point of view it is difficult to compare such 
analyses with those referred to the standard sizes recommended for 
a study of sedimentary rocks. For this reason, samples of the St. Peter 
sandstone were collected in Arkansas, Oklahoma, Missouri, Illinois, 
Iowa, Wisconsin, and Minnesota, and were subjected to uniform lab- 
oratory tests and to uniform methods of calculating textural analyses, 
heavy residuals, and other characteristics of correlative value. 
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CHARACTER AND DISTRIBUTION OF THE SANDSTONE 


The St. Peter is a friable sandstone consisting mainly of remarkably 
white and well-sorted quartz grains. Much of the whiteness is due 
to the frosted surfaces of the grains. Locally the formation is stained 
yellow, brown, pink, or red by iron oxides. These may follow certain 
horizons in the sandstone, but more commonly the color is in erratic 
bands and represents an infiltration of iron-bearing waters from over- 
lying strata. Locally, concretionary masses of sand and iron oxide 
have formed. 

On freshly exposed surfaces the rock appears massive, with occa- 
sional lines of bedding. On eroded surfaces, however, the bedding 
planes stand out conspicuously, and in some localities they are closely 
spaced. Cross-bedding is not as pronounced as in the sandstones of 
the Croixian series, but it has been reported in every State in which 
the formation crops out. Wherever cross-bedding was seen by the 
writer it is that of a water-laid sediment, rather than of the eolian 
type. 

The St. Peter covers large areas in Wisconsin, Minnesota, Iowa, IIli- 
nois, Missouri, and Arkansas. Its eastern margin is also recognized 
in the early Paleozoic sediments of parts of Michigan and Indiana, 
and its western and southwestern margins are found in Nebraska, 
Kansas, and Oklahoma (Fig. 1). Along the southern margin the St. 
Peter and its stratigraphic equivalents grade into shaly sandstones, 
calcareous shales, and arenaceous limestones (Fig. 2). The northern 
margin has been completely removed by erosion, and the character- 
istics of the formation as seen in the most northern outcrops of 
Minnesota and Wisconsin indicate that the formation once extended 
many miles farther toward the north. 


STRATIGRAPHIC RELATIONS 


The St. Peter occupies a position toward the base of the Ordovician, 
where it lies between a member of the Chazy and the Beekmantown. 
Toward the north it lies beneath the Black River and Lowville that 
is represented by the Platteville limestone and the Decorah shale. The 
base of the St. Peter rests over Beekmantown formations of the Prairie 
du Chien group. Still farther toward the north it overlaps on the 
Croixian series of the Cambrian. Southward in Missouri, Oklahoma, 
and Arkansas, higher members of the Beekmantown series come in 
beneath the St. Peter, and lower members of the Chazyan appear 
above it (Fig. 2). Locally, conditions of overlap modify minor 
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stratigraphic relations. Toward the 
east the correlation is made more 
on the order of succession and sim- 
ilarity of rock types than on direct 
field evidence. This is especially 
true in Indiana, Ohio, and Ken- 
tucky, where calcareous and shaly 
sandstones and arenaceous lime- 
stone from 40 to 230 feet in thick- 
ness are correlated with the St. 
Peter sandstone. 

Throughout much of the region 
occupied by the St. Peter the lower 
contact is a very irregular surface 
that was at one time interpreted as 
due to folding and faulting.t More 
recent field evidence indicates, 
however, that the structure is an 
unconformity. The normal type of 
sandstone is underlain in many 
places by beds composed of residual 
materials that represent the prod- 
ucts of weathering and erosion of 
earlier formations. In Missouri 
and Arkansas the contact is marked 
by cherty basal conglomerates and 
residual soils.2 The Everton, or 
basal, member of the St. Peter con- 
sists of an upper limestone and a 
lower group of sandy beds includ- 
ing a basal conglomerate of chert 
pebbles and sometimes of dolomitic 
pebbles as well, all in a sandy ma- 
trix. Locally this conglomerate is 
as much as 10 feet thick. In 
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Showing the stratigraphic position of St. Peter sandstone. 
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Ficure 2.—Generalized, reconstructed, north-south section of the earl 


1C, W. Hall and F. W. Sardeson: Paleozoic 
formations of southeastern Minnesota, Geol. Soc. 
Am., Bull., vol. 3 (1892) p. 331. 

A. W. Grabau: Principles of stratigraphy. 
New York, A. G. Seiler (1924) p. 739. 

2C. L. Dake: The problem of the St. Peter 
sandstone, Univ. Missouri, Sch. Mines and Me- 
tall., Bull., vol. 6, no. 1 (1921) 225 pages. 
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Wisconsin and northern Illinois, Thwaites* reports that below the 
sandstone there are beds of purplish red and green shale, interstratified 
with layers of white disintegrated chert, and conglomerate with chert 
and limestone pebbles in a matrix of fine to coarse sand. In Iowa, 
Trowbridge * has observed that the basal St. Peter contains fragments 
of chert derived from the Prairie du Chien dolomite. He refers the 
lower portion of the formation which is “highly and variously colored” 
to a valley phase, whereas the upper, light-colored portion is con- 
sidered as an upland phase. Trowbridge concludes that these differ- 
ences within the formation are due doubtless to the different conditions 
which existed in the valleys and on the divides during the early part 
of the St. Peter stage. In the area of outcrop of the St. Peter in 
Minnesota, Iowa, and southwestern Wisconsin the basal conglomerates 
are quite inconspicuous. Their occurrence has been reported, however, 
at Pictured Rock Cave in Nelson-Dewey State Park, south of the 
mouth of the Wisconsin River and also in the southwestern part of 
Crawford County, Wisconsin. In the area of the Lancaster quadrangle 
(Wis.-Ia.-Ill.) an outcrop of the contact shows sandy shales, green 
shale, and conglomerate representing the basal beds of the St. Peter.® 

The upper surface of the St. Peter is not marked by the irregularities 
that characterize its lower surface. Throughout the upper Mississippi 
Valley a shale zone, from a few inches to over 10 feet in thickness, 
separates the sandstone from the Platteville limestone. These are 
referred to as the Glenwood beds. Locally a sharp line of separation 
between the St. Peter and the Glenwood suggests an unconformity 
(disconformity). In other localities there is a typical transition zone 
composed of sandy shale. In southeastern Minnesota, sandy beds 
occur interbedded with the shale. Southward along the north and 
east flanks of the Ozarks the St. Peter is overlain by the Joachim 
dolomite. Dake reports a perfect conformity between the two forma- 
tions. Farther southwestward the Tyner formation, the lower part 
of which consists of green shale with thin interbedded brown sand- 
stones, caps the equivalent of the St. Peter. No conspicuous strati- 
graphic break is recorded. 

It has been suggested that the St. Peter sandstone of the upper 
Mississippi Valley is a composite formation consisting of various 


3F. T. Thwaites: Paleozoic rocks found in deep wells of Wisconsin and northern Illinois, Jour. 
Geol., vol. 31 (1923) p. 529. 

*A.C. Trowbridge: The Prairie du Chien-St. Peter unconformity, Iowa Acad. Sci., vol. 24 
(1917) p. 180. 

5 E. H. Powers, Univ. Iowa: personal communication. 
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PHOTOMICROGRAPHS OF ST. PETER SAND GRAINS 
Figure 1. Frosted grains (right); compared with polished glacial sand (left). 
Figure 2. Pitted grains from the St. Peter of Illinois. 
Figure 3. Sub-rounded and sub-angular grains from North Minneapolis, Minnesota. (-\ 


mm. grade.) 
Figure 4. Angular aggregates and drusy-surfaced grains from the Burgen sandstone, Oklahoma. 


(4%-% mm. grade.) 
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PHOTOMICROGRAPHS OF SAND FROM THE ST. PETER NEAR MENDOTA 


Showing the shapes of various grade sizes of quartz grains, also feldspar grains with 
secondary growth. 
Figure 1. 1-% mm. grade. Figure 2. %-\% mm. grade. 
Figure 3. 4%-% mm. grade. Figure 4. %-%»6 mm. grade. 
- Figures 5 and 6. Detrital feldspar grains with secondary growth. 
The twinnng bands do not penetrate the secondary growth. 
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members that may be separated by erosion intervals. Berkey pointed 
out that great interbedded sandstones as a type doubtless represent 
periods of marked oscillation of level, with retreat of the sea, an 
erosion interval, a re-advance of the sea, each with its characteristic 
deposits. In the southern area of the St. Peter there was an emergence 
of wide extent at the close of Everton time. No evidence of a similar 
break has been reported from the St. Peter in the upper Mississippi 
Valley. However, it would be difficult to detect any erosion surface 
on the basis of field observations alone, in a formation that is too 
poorly cemented to preserve boulders and pebbles or even to preserve 
any hills or valleys eroded in its upper surface. Its purity of compo- 
sition and its uniformity of grain would permit complete obliteration 
of all field indications of such an interval. Petrographic character- 
istics of certain horizons with the formation, however, lend support 
to its dual character. In Kansas, Edson has subdivided the St. Peter 
into three members on the basis of heavy mineral analyses. These 
are the Wilcox sand, the Simpson green shales and sands, and the basal 
Hominy sand. 

As far north as northern Illinois a mar! rock, or so-called magnesia 
bed, occurs as a variable but persistent horizon in the middle of the 
St. Peter sandstone.’ This divides the formation into an upper and 
a lower member. In an attempt to establish a similar subdivision 
of the formation in Minnesota, Sardeson ® postulates that a marl-rock 
zone once existed within the St. Peter sandstone at approximately 100 
feet from the top of the formation. This theory is based on well logs, 
recently published by the Minneapolis Water Commission,® that show 
a “shale” band within the St. Peter sandstone. Sardeson interprets 
the shale as follows: “Authentic samples of drillings from the wells 
that show the shale are lacking me, but without doubt the separation 
zone is a lime mixture, or marl, in the old sense, instead of a clay-shale. 
I shall call it the marl-rock zone.” The writer has examined the drill 
cuttings from a number of the wells referred to above and the horizon 
referred to as “marl-rock” is neither marl nor shale. It is a siltstone 


6C. P. Berkey: Paleogeography of Saint Peter time, Geol. Soc. Am., Bull., vol. 17 (1906) 
p. 229-250. 

C. L. Dake: op. cit. 

F. C. Edson: Ordovician correlations in Oklahoma, Am. Assoc. Petr. Geol., Bull., vol. 11, 
no. 9 (1927) p. 967-975. 

F. W. Sardeson: The St. Peter sandstone, Minn. Acad. Sci., Bull. 4 (1892-1910) p. 64-87. 

7J. E. Lamar: Geology and economic resources of the St. Peter sandstone of Illinois, Ill. Geol. 
Surv., Bull. 53 (1928) 175 pages. 

8F. W. Sardeson: St. Peter group of Minnesota, Pan-Am. Geol., vol. 58 (1932) p. 191. 

® Report to the City Council, June, 1932. 
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bed varying from 3 to 50 feet in thickness and is persistent over the 
entire area of the Twin Cities. The accompanying log of the village 
well at Hopkins, Minnesota, gives the stratigraphic position of the 
so-called “shale” layer. 


Log of the village well at Hopkins, Minnesota 
(Courtesy, McCarthy Well Company) 


in feet in feet 

Shakopee-Oneota.......... 270-390 120 
Limestone and shale......... 470-660 190 
Shale and sandstone......... 705-780 75 


Mechanical, petrographic, and chemical analyses of the silts are 
given on pages 571 and 604. Lamar ’® refers to similar beds of fine 
texture and high clay content in the middle of the formation in north- 
central Illinois. 

THICKNESS 


The St. Peter formation varies in thickness from a thin layer of 
sand grains in eastern Wisconsin to 500 feet at Joliet, Illinois. It 
is exceedingly variable in thickness and may show a range of from 
1 foot to 100 feet within a horizontal distance of a quarter of a mile. 
A thickness of about 100 feet may be given as an average figure for 
the greater part of the area of its distribution. Along its north margin 
in Minnesota it is approximately 150 feet thick. The thickness cal- 
culated from 57 wells that penetrated the formation in the region 
of St. Paul and Minneapolis gives an average of 158 feet. Since the 
upper surface of the formation is comparatively even, the areas of 
thick St. Peter indicate the zones of deep erosion in the upper surface 
of the Prairie du Chien group. Southward, in Missouri, Oklahoma, 
and Arkansas, other formations such as the Everton add to its total 
thickness. That portion most commonly designated St. Peter, however, 


20 J. E. Lamar: New facts concerning the St. Peter sandstone of Illinois, Geol. Soc. Am., Bull., 
vol. 38 (1927) p. 461. 
11G. M. Schwartz: personal communication. 
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has approximately the same thickness as that of the upper Mississippi 
Valley. The outline map shown in Figure 3 gives the average thickness 
of the formation. 
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Ficure 3.—Average thickness, in feet, of the St. Peter sandstone 


TEXTURAL AND MINERALOGIC COMPOSITION 
METHODS OF STUDY 


Outcrops of the sandstone were sampled by the channel method 
(Fig. 4). This necessitated the removal of case-hardened surfaces, 
talus material, and products of alteration. In nearly all locations, 
samples were taken only where their position within the formation 
could be determined. Since the upper surface of the formation crops 
out more commonly than the basal beds, the positions of the samples 
were measured from the top of the formation, each sample representing 
a 10-foot interval. 
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The samples were air-dried in the laboratory, and before subjected 
to mechanical analysis they were completely dried on a hot plate. 
They were then crushed on a hard board by rubbing with a wooden 
block. The presence of aggregates was checked by examination with 
a binocular microscope. In some samples a few aggregates remain. 
These were counted, and the character of their constituents noted. 

The screens used in making the mechanical analyses were chosen 
from the Tyler screen scale sieves for close sizing. Those with openings 
nearest the millimeter scale recommended by the Committee on Sedi- 
mentation of the National Research Council were adopted. The 
following table gives the size scale of the screens: 


Size used in 
Openings this report 
Mesh (in millimeters) (in millimeters) 
2% 7.925 8 
5 3.962 4 
9 1.981 2 
16 .991 1 
32 .495 
60 . 246 
115 .124 
250 .061 /16 


The straight line block diagram was used to represent the sieve 
analyses. It was selected because a large number of diagrams can 
be drawn on a given space and because it is well adapted for visual 
comparisons. This is especially the case where samples are taken at 
intervals from the top to the bottom of a formation. Vertical changes 
in texture within the formation are readily visualized (Fig. 5). Some 
of the results were plotted in cumulative curves for comparative 
purposes. 

By cumulative per cent is meant the total amount of the product 
which would remain on a sieve if only one sieve were used for testing 
the whole sample. To get the cumulative weight it is necessary to 
add all the material which remains on sieves coarser than the one in 
question, to the amount remaining on that sieve. In other words, 
on a cumulative plot each point represents the total material that 
would be retained if only the one sieve represented by that particular 
point were used in the analysis. 

The vertical axis is used to represent the per cents of the sand 
retained, and the horizontal axis shows the sizes of the screen openings 
in millimeters (Table 1). 
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Such curves are especially valuable for comparative purposes for 
they reveal textural variations that can be detected at a glance. 
Furthermore, it is possible to determine by interpolation approximately 
what percentage of any given sample lies between any given grain 
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Ficure 4.—Locations in the upper Mississippi Valley at which samples of St. Peter sandstone 
were collected 


size. In general, the flatter the curve, the greater its range of varia- 
tion, and the more nearly vertical the curve, the smaller the range 
in size of grain. Parallel curves show equal degrees of uniformity 
but not necessarily a uniformity of size. If the curves of a group 
of samples are closely spaced and nearly parallel, the sands are 
texturally very similar (Fig. 11). 


SIZE OF GRAIN 


Grade size distribution—In many samples of the St. Peter nearly 
90 per cent of the sand is found to be of the grades that are retained 
on the 14-millimeter and the 1%4-millimeter screens. The finer and 
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coarser grades are present, but in very small amounts. This is strik- 
ingly shown in Figure 5, which shows the grade size distribution of 
a series of channel samples taken at vertical intervals of ten feet, from 
an outcrop of the St. Peter near Blue Mound, Wisconsin. 
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Figure 5.—Terxtural analyses in per cent by weight of samples of St. Peter sandstone from an 
exposure near Blue Mound, Wisconsin 


Showing textural variations within the upper 130 feet of the formation. 


The variations within the formation in the relative amounts retained 
on the 14-millimeter and the 44-millimeter screens are presented graph- 
ically in Figure 6. The blank space across the center of the diagram 
represents the combined percentages of both the coarsest and the finest 
fractions. It is evident that where the amount in the 14-millimeter 
screen is small (see 30 feet to 40 feet, also 70 feet to 80 feet) the 
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amount of the 4%-millimeter grade is correspondingly greater. There 
is no marked increase or decrease in the coarser or finer grades. If the 
two diagonally ruled portions of Figure 6 were pushed together, they 
would form an interlocking, dovetailed pattern along the line of contact 
across the center of the figure. 

Only a very small amount of the sand is finer than 4, millimeter. 
In order to determine the texture of the fine-grained fractions, a 
composite sample of the upper 20 feet of the sandstone was collected 
from near the type locality of the formation. This was screened and 


TABLE 1.—Results of screen test of a sand, showing the size distribution in per cent 
by weight and cumulative per cent by weight 


Size of screen | Per cerit | Cumulative 
openings in retained per cent 
millimeters | (by weight) | (by weight) 


4 0.38 0.38 
2 3.58 3.96 
1 8.78 12.74 
% 25.76 38.50 
42.34 80.84 
15.92 96.76 
2.76 99.52 
= 0.30 99.82 


the finest fraction analyzed by the method of differential settling 
suggested by Krumbein.'* The following results were obtained: 


Grade sizes in Per- Grade sizes in Per- 

millimeters centages millimeters centages 

100.00 


12.W. C. Krumbein: The mechanical analysis of fine-grained sediments, Jour. Sed. Petr., vol. 2 
(1932) p. 140. 
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: Of the .33 per cent that is finer than 4g millimeter, only .057 per 

is cent is composed of clay particles smaller than 145, millimeter in 
diameter. 

In many localities the upper ten to twenty feet of the St. Peter 

: sandstone is somewhat coarser grained than the central portion of 

- the formation (Fig. 7). This is especially true in the region of its 
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Ficure 6.—Screen analyses in per cent by weight of the St. Peter sandstone from Blue Mound, 


Wisconsin 
Plotted to show the variations in the amounts retained on the %- and the %-millimeter 
screens. The blank space across the center of the diagram represents the combined percentages 
of both the coarsest and the finest fractions. 


present northern margin in Minnesota and Wisconsin. However, even 
in that region there is a lack of horizontal uniformity in texture. The 
textural variations, both vertically and horizontally, are shown as 
cumulative curves in Figures 8 to 12. 

Figure 13 shows the geographic textural variations of the St. Peter 
sandstone, from Minnesota southward into Arkansas and Oklahoma. 
Each horizontal block diagram represents a computed average for 
all the samples from the location designated. The diagrams from 
Missouri, Illinois, and Arkansas include also averages compiled from 
the mechanical analyses published by Dake, Lamar, and Giles. Their 
analyses were plotted as cumulative curves and re-calculated to the 
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screen sizes used in this investigation. The number of samples from 
the various States are listed in Table 6. The most evident textural 
variation shown in Figure 13 is the marked increase in the size of 
grain of the formation in Illinois, as compared to the area to the 
north in northeast Iowa, Wisconsin, and Minnesota. The average of 
all samples from Illinois shows that over 75 per cent by weight of 
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Ficure 7.—Teztural analyses in per cent by weight of samples of St. Peter sandstone from an 
exposure at Mounds Park, St. Paul 


Showing textural variations within the upper 80 feet of the formation. 


the sand is coarser than 14 millimeter. Another equally interesting 
feature is the high percentage of sand in the Arkansas samples that 
is coarser than 14 millimeter. Nearly 50 per cent by weight is 
retained on the 14-millimeter screen, whereas only one Minnesota 
composite sample, that from Caledonia, had over 50 per cent by 
weight of its sand coarser than 14 millimeter. All other locations in 
Minnesota and Wisconsin yield a finer grained sand than the St. Peter 
of Arkansas. This is quite contrary to previously published gener- 
alizations that have referred to an increasing fineness of the sand 
southward in the Mississippi Valley with constantly increasing dis- 
tance from the source of supply and correspondingly greater attrition. 
Such statements apply to the southern half of the St. Peter area, 
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but there is a decrease in the size of grain from Illinois northward 
to the present margin of the formation in Wisconsin and Minnesota. 


an 
as 
‘4 
7 
ae 
U 
f) A 7 
al 
: 
—— 
2 
T 
I 
le alt 
BH te 
t 
4 
su 
P 
= 
4 7 
4 
U 
a 
ia x 
a 4e 
4 
i 
i 


Ficure 8.—Cumulative frequency texture curves 
Based on screen analyses of channel samples of St. Peter sands taken 0 to 10 feet from 
the top of the formation. 


Other textural features of value in a study of mechanical com- 
position of a sediment may be indicated in a number of ways. Trask ** 


18 P, D. Trask: Origin and environment of source sediments of petroleum. Houston, Texas, 
Gulf Publishing Co. (1932) p. 69. 
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suggests the use of three constants: (1) the median diameter, (2) the 
coefficient of sorting, and (3) the coefficient of skewness. 
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Ficure 9.—Cumulative frequency texture curves 
Based on screen analyses of channel samples of St. Peter sands taken 10 to 20 feet from 


the top of the formation. 
Median diameter.—In all clastic sediments there is a certain size 

of grain which divides the size distribution into two equal units. 

This is called the median diameter. It represents the average diameter 
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of the particles in the sediment. One-half of the sediment is composed 
of particles larger in diameter than the median, and one-half, smaller. 
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Ficure 10.—Cumulative frequency texture curves 
Based on screen analyses of channel samples of St. Peter sands taken 20 to 30 feet from 


the top of the formation. 


A sand may show medians from 50 to 1000 microns; a silt, from 5 to 


50 microns; and a clay from 1 to 5 microns. 
Table 2 shows the stratigraphic and geographic variations in the 


LOOT 
—— 
4 


577 


TEXTURAL AND MINERALOGIC COMPOSITION 


median diameter, expressed in millimeters, of the sand grains of the 
St. Peter sandstone of the upper Mississippi Valley. The greatest uni- 
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Figure 11.—Cumulative frequency texture curves 
Based on screen analyses of channel samples of St. Peter sands taken 30 to 40 feet from 
the top of the formation. 


formity, stratigraphically, is found 20 feet to 40 feet from the top 


of the formation (Fig. 14). In this upper zone within the formation 
the median diameter varies from .158 millimeter to .350 millimeter. 
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More irregular values are obtained from the lower part of the forma- 
tion because of the conglomeratic nature of the basal beds. 
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Figure 12.—Cumulative frequency texture curves 
Based on calculated averages of samples of St. Peter sands from various geographic areas. 


An average median diameter of .219 millimeter was computed for 
96 samples from various geographic locations and stratigraphic posi- 
tions within the formation in Minnesota and Wisconsin. The median 
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diameter of eleven samples of the St. Peter from Illinois was .463 
millimeter, which is more than twice the median of the samples farther 


Per cent 


Arkansas 


§. 
Figure 13.—Geographic variations in the St. Peter sands 


Each horizontal graph represents a computed average based on samples from the region 
designated. 


toward the north. A similar number of samples from Arkansas showed 
a median diameter of .241 millimeter, which is .022 millimeter greater 
than the average of Minnesota and Wisconsin. 
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Ficure 14.—Horizontal variations in the median diameter of the St. Peter sands of southeastern Minnesota 


In view of the fact that the Pots- 
dam sandstones have been com- 
monly referred to as the source of 
the St. Peter sand, the median di- 
ameter of the clastic sediments of 
some of the members of the Pots- 
dam or Croixian series of Minne- 
sota and Wisconsin were deter- 
mined for comparative purposes 
(Table 7). Thirty-eight samples 
of Jordan sandstone from widely 
separated regions showed an aver- 
age median diameter of .211 milli- 
meter.‘* Twenty-one samples of 
Franconia sandstone, twelve of 
which represented a series of ver- 
tical channel samples over the total 
thickness of the formation, showed 
an average median diameter of .110 
millimeter. Only a few samples 
of the St. Lawrence and Dresbach 
formations were analyzed, but each 
showed a median diameter of less 
than .10 millimeter. Since the Pots- 
dam sands show a smaller median 
diameter than the St. Peter sands, 
there is little justification for pos- 
tulating that the bulk of the St. 
Peter was derived from the weather- 
ing and transportation of the older 
Cambrian sandstones. 


Coefficient of sorting —The coef- 
ficient of sorting (SO) indicates the 
distribution of clastic particles on 
either side of the median. There 


14 This average includes the analyses made by 
W. A. P. Graham: A teztural and ace 
study of the Cambrian dst of M 
Jour. Geol., vol. 38 (1930) p. 696-716; also un- 
published analyses made by H. R. Kamb and 
D. Fischer. 
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are two diameters in the size distribution that separate each side 
or half of a sample into two equal parts. These, the first and 
third quartile diameters (Q, and Q,), differentiate the four equal 
quarters. It then follows that 25 per cent of the weight of the 


Taste 2.—Median diameter in millimeters of the grains in the St. Peter sandstone 
of Minnesota and Wisconsin, based on channel samples from various 
geographic and stratigraphic positions 


Stratigraphic Position 
Geographic Location Feet from top Feet from base 

0-10 | 10~20 | 20-30 | 30-40 | 30-20 | 20-10 | 10-0 

254 | .229 | .220 | .216 | .253 | .250 | .226 


sample is composed of fragments larger in diameter than the first 
quartile, and 75 per cent is composed of fragments larger than the 
third quartile diameter. If the quartile diameters are near the median 
diameter, the sediment is well sorted. If the difference is marked, the 
sediment is poorly sorted. The coefficient of sorting is calculated 
from the formula SOVQ,/Q,. The smaller the value of SO, the 
better the sediment is sorted. 
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Trask lists the results of 170 mechanical analyses of sediments from 
many parts of the world. These indicate that if SO is less than 2.5 
the sample is well sorted; that if it is greater than 4.5 the sediment 
is poorly sorted; and that if it is about 3.0 it is average, or normally 
sorted. 


Taste 3—Coefficient of sorting of the St. Peter sandstone, based on channel 
samples from various geographic and stratigraphic positions 


Stratigraphic Position 
Geographic Location Feet from top Feet from base 
0-10 | 10-20 | 20-30 | 30-40 | 30-20 | 20-10} 10-0 
1.40 | 1.47 | 1.41 | 1.35 | 1.60 | 1.53 | 1.42 


Table 3 gives the coefficient of sorting of the St. Peter sandstone, 
both geographically and stratigraphically. The sand in all the samples 
is very well sorted. The highest coefficient of sorting is 1.93 and the 
lowest is 1.15. The greatest variation in the coefficient of sorting 
is found in the upper 10 feet of the formation and the least in the 
samples 20 feet to 30 feet from the top. 

A comparison of the coefficients of sorting for the St. Peter sands 
from Minnesota and Wisconsin with those from Illinois, Missouri, 
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and Arkansas shows a higher degree of sorting toward the southern 
part of the St. Peter area. 


Coefficient of skewness—The coefficient of skewness shows where 
the greatest concentration of particles of similar diameter occurs with 


Taste 4—Coefficient of skewness of the St. Peter sandstone of the Upper 
Mississippi Valley 


Stratigraphic Position 
Geographic Location Feet from top Feet from base 
0-10 | 10-20 | 20-30 | 30-40 | 30-20 | 20-10 |10-0 

| | 0.91 | 0.84 | 0.98 
Blue Mounds, Wis.......... 0.91 | 0.81 | 0.82] 1.16 

oo Sr 1.15 | 0.98 | 1.04 | 1.09 | 1.14 | 0.99 | 1.03 


respect to the median diameter. It shows on which side of the median 
diameter the maximum amount of sorting has taken place. Trask 
uses the formula SK = Q,Q,/M?. Since the coefficient of skewness 
is a ratio varying around unity, it may be difficult to detect if the 
mode is in the second or third quartile. For this reason the logarithm 
of the coefficient of skewness is commonly given. If the log SK is 
positive the maximum sorting of the sediment lies on the fine side of 
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the median diameter, and if it is negative the mode is on the coarse 


side of the median. 
Since the logarithm of any number greater than one is positive, 
and the logarithm of any positive number less than one is negative, 


TaBLe 5—Summary of the textural characteristics of the St. Peter sandstone of the 
Upper Mississippi Valley. Based on computed averages from 96 samples 


Median | Coeffi- | Coeffi- | Effective} Uni- 
diameter | cient of | cient of | sizein | formity 

Geographic location in milli- | sorting | skewness| milli- coeffi- 

meters (SO) (SK) meters cient 

241 1.39 1.02 .165 2.12 
Castle Rock............. 192 1.31 106 1.64 
eee 239 1.42 1.01 .124 2.39 
Chimney Rock........... 309 1.45 1.26 .107 2.24 
Decorah, Iowa........... 233 1.45 0.99 a7 2.34 
. 235 1.41 1.09 .142 1.99 
N. Minneapolis.......... . 235 1.48 0.96 .107 2.65 
ee 178 1.32 1.20 .119 2.28 
201 1.32 1.06 .114 2.00 
225 1.47 0.97 .119 2.23 
S. Minneapolis........... 219 1.55 0.94 .089 3.02 
eer 207 1.38 1.12 .121 2.00 
Mounds Park............ .197 1.37 1.07 121 1.92 
Washington Co.......... .281 1.27 1.11 175 3.66 
Blue Mound, Wis........ .235 1.33 1.04 .125 2.38 
. 236 1.32 1.09 .139 1.93 
Southern Green Co., Wis. . .221 1.33 1.14 . 133 1.90 
Willow River, Wis........ .114 1.25 0.97 .071 yf | 
222 1.39 1.07 122 2.25 


the coefficient of skewness of the samples listed in Table 4 were not 
expressed as logarithms. Those samples with a coefficient of skew- 
ness greater than one have the maximum amount of sorting on the 
fine side of the median diameter, whereas, those coefficients that are 
a decimal less than one represent samples that have the maximum 
sorting in the coarser fractions. Of the 56 samples represented in 
Table 4, 24 have the maximum sorting in the fractions coarser than 
the median, and 32 have the maximum amount of sorting in the finer 
side of the median diameter. The greatest uniformity is again found 
in the zone 20 feet to 40 feet from the top of the formation. 
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Effective size and uniformity coefficient—Since the St. Peter sand- 
stone is used extensively for various industrial purposes, it was thought 
advisable to tabulate the effective size and uniformity coefficient of 
the samples studied. These values can be determined by means of 
interpolation, using cumulative direct plotting paper. The effective 
size is measured by that opening expressed in millimeters which will 


TABLE 6.—Summary of textural characteristics of the St. Peter sandstone from its 
northern margin in Minnesota and Wisconsin to south-central Arkansas 


Median | Coeffi- | Coeffi- | Effective} Uni- 

Number | diameter | cient of | cient of | sizein | formity 

Geographic of in milli- | sorting | skewness} milli- coefii- 
Location samples | meters (SO) (SK) meters cient 


Minnesota. .... 72 216 1.42 1.03 114 2.34 
Wisconsin...... 24 223 1.33 1.06 124 2.31 
Illinois......... 11 463 1.34 0.93 279 1.74 
Missouri....... 8 161 1.25 pe 151 1.59 
Arkansas....... 11 241 1.28 1.10 149 1.75 


just pass 10 per cent of a given sample of sand. The uniformity 
coefficient is obtained by dividing the effective size into the size of 
opening expressed in millimeters which will just pass 60 per cent of 
the sample. The uniformity coefficient indicates the uniformity of 
the sand, or the variation in the 50 per cent that lies between the 
finest 10 per cent and the coarsest 40 per cent. The closer the uni- 
formity coefficient is to zero, the more uniform the sand. 

The geographic variations in the average effective size and the aver- 
age uniformity coefficient for the St. Peter sandstone of the upper Mis- 
sissippi Valley are included in Table 5. In no sample is the effective 
size as high as .200. The finest sand has an effective size of .071 and 
the coarsest .175. 

Table 6 gives the average effective size of the St. Peter by States. 
The sands from Illinois show the highest average, and those from 
Minnesota and Wisconsin are the finest. The samples from Missouri 
and Arkansas are intermediate. 

Table 6 shows that in the upper Mississippi Valley the St. Peter 
sandstone has a uniformity coefficient that varies from 1.64 to 3.66, 
and an average of 2.25. The average of 30 samples from Missouri, 
Illinois, and Arkansas is 1.69. The closer the uniformity coefficient 
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is to zero the more uniform the sand, therefore, these calculations 
show that on the average the St. Peter sands of the present northern 
margin of the formation are not as well sorted as those toward the 
south and southwest. 

SHAPE OF GRAINS 


The sand grains of the St. Peter sandstone show various degrees 
of rounding. In general the larger grains are more completely rounded 
than the smaller. However, very few of the rounded grains are 


Taste 7—Summary of some textural characteristics of the sandstones of the 
Croixian series * and of the New Richmond sandstone 


Uni- Effective | Median 
Number formity size in | diameter 
of Formations coeffi- milli- in milli- 
samples cient meters meters 
12 New Richmond ss................ 2.11 .135 . 245 
4 St. Lawrence form............... 6.87 .011 .050 


* Computed averages of analyses by Graham, Kamb, and Fischer, are included in the tabula- 
tion for the Jordan and Franconia sandstones. 


spherical. Many are oval, egg-shaped, kidney-shaped, spindle-shaped, 
or conical (Pls. 45-47). The degree of rounding, or, rather, the degree 
of circularity of the cross-sections of the grains, was determined *° 
for the most abundant fractions from a composite sample from Men- 
dota, Minnesota. The grains retained on the screen with openings 
4 millimeter in diameter showed an average circularity index (K) 
of .956. Those on the 4%-millimeter screen had an index of .925, and 
the 4,-millimeter fraction .917.'° 

In order to compare the shape of the sand grains of the St. Peter 
of the upper Mississippi Valley with those of Illinois, Missouri, and 
Arkansas, composite samples were selected, and shape constants were 
measured. The results on the maximum grade size are shown in 
Table 8. 

15 These results were obtained by the method recommended by E. P. Cox: A method of assigning 
numerical and percentage values to the degree of roundness of sand grains, Jour. Pal., vol. 1 


(1927) p. 197. 
18 For a square, K = .784; for a circle, = 1; for a line, K = 0. 
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Similar comparisons were made between the St. Peter and the Jordan 
sands of the Croixian Series. Composite samples of St. Peter from 
Caledonia and Mendota in Minnesota gave an average circularity 
index of .920 for the 14- to %&-millimeter grade, whereas a similar 
composite of the Jordan sands showed an average of .937. 

The circularity index, however, is not a fair indication of the actual 
amount of abrasion or attrition to which sand grains have been sub- 
jected. The original shape of the quartz grain influences the index 
figure. A short stubby grain when slightly rounded will, on the 


Taste 8.—Circularity index of cross-sections of sand grains from the St. Peter 


sandstone 
Size of grain Circularity 
Location (millimeters) index 
Caledonia, .950 
.915 


average, give an index nearer that of a perfect circle than an elongated 
grain that has had its corners rounded fully as much as the shorter 
grain. The measurements of a group of short grains gave an average 
index of .925, whereas an average for the elongated grains was found 
to be .854. Both types of grains have been abraded, but their present 
shapes are influenced for the most part by the shapes of the original 
grains. 

The original quartz grains of a sand show a variation in shape 
due to differences in origin. The chief sources of quartz sands are 
granite rocks and quartz-bearing veins. The latter have not been 
emphasized as a source of quartz sand, but in many localities heavy 
beds of quartz conglomerate and sandstone owe their origin to the 
disintegration of quartz veins in the older formations. In northeastern 
Minnesota the basal conglomerate of the Keweenawan, and in the south 
central part of the State, the basal Cretaceous and areas of Tertiary 
or Cretaceous gravels, are composed of quartz grains and pebbles many 
times the average size of the quartz grains in the granite over which 
they are deposited. Furthermore, numerous partially disintegrated 
quartz veins may be seen in the residual clays derived from the 
granites. 
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Much of the present angularity of the larger quartz grains in the 
St. Peter sands is due to changes in shape resulting from fracturing 
or is due to recrystallization and enlargement produced by secondary 
growth. In the upper Mississippi Valley there has not been as much 
growth due to the addition of silica as is seen on the St. Peter sands 
of Missouri and Arkansas where a very high percentage of the grains 
possess angular outlines, but, nevertheless, show nuclei of rounded 
quartz. Aggregates of minute quartz crystals are also more common. 
Careful examination at a high magnification shows that much of the 
material in the sands from Missouri, Arkansas, and Oklahoma that 
is finer than %4¢ millimeter in diameter is composed of angular frag- 
ments that appear as though they were broken aggregates of minute 
crystals or fragments of secondary growth broken from larger grains. 
Similar fractions from sands in Wisconsin and Minnesota are likewise 
angular in outline but do not possess straight edges that characterize 
euhedral grains. The angularity is more probably due to the original 
outlines of the grains. 

In regions where secondary growth is well developed most of the 
elongated quartz grains show conspicuous growth on both ends of 
the grains. Since secondary growth tends to reconstruct quartz grains 
to their original hexagonal crystal structure, and since the C axis is 
the crystallographic direction of maximum growth in a hexagonal 
crystal, the addition of terminal faces normal to the surfaces of sharp 
curvature and prism faces, about the central parts of the grains, sug- 
gests that many of the long grains of quartz owe their shape to their 
inherent crystal structure. The secondary growth of 100 grains of 
St. Peter sand from southwestern Wisconsin was examined petro- 
graphically. Terminal faces were observed on 79 of the grains, and 35 
showed prismatic growth. Giles reported many closely set prisms 
terminated with rhombohedrons projecting from the surface of the 
grains, presenting a drusy appearance under the microscope. Such 
surfaces are rare on the sand grains of the St. Peter in Wisconsin 
and Minnesota. 

Trowbridge and Mortimer’s method of determining angularity by 
optical comparison}? was applied to fifty samples from southeastern 
Minnesota. The sands of the upper St. Peter have a higher percentage 
of rounded grains than the samples from the lower 50 feet of the 
formation. 


17A, C. Trowbridge and M. E. Mortimer: Correlation of oil sands by sedimentary analysis, 
Econ. Geol., vol. 20 (1925) p. 409-423. 
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POROSITY 


Because of the small amount of cementing material in its interstitial 
spaces, the St. Peter sandstone has a high porosity. Numerous tests 
have been made on samples of the formation to determine its capacity 
as a water reservoir or to estimate the rate of flow of artesian water 
through its sands. The most recent determinations were by a vol- 
umetric method suggested by Russell.1* The tests’® were made on 
chunks of the sandstone, with acetylene tetrachloride used as the im- 
mersion liquid. The following results were obtained: 


Sample Stratigraphic Position Percentage 

No. (in feet) Geographic Location of Porosity 
1 5from top of formation Gov’t. Dam, Minneapolis 27.2 
4 15 below top “ 27.2 
3 2belowtop “ 24.6 
4 650belowtop “ 26.8 
5 65belowtop “ 30.1 
6 100belowtop “ 29.5 
7 40 above base “ . Battle Creek Park, St. Paul 29.6 
8 20 above base “ . Newport, Minnesota 28.8 
9 15 above base “ . St. Paul Park, Minnesota 28.1 
10 30 below top “ - North Minneapolis 31.1 


Average 28.3 


Giles ?° has determined the percentage of voids in a number of sam- 
ples of sand from the St. Peter and has reported a variation from 38.78 
per cent to 45.88 per cent. These figures cannot be compared dircctly 
with the porosity figures listed above for the St. Peter sands of Minne- 
sota. The latter were determined by using natural chunks of the forma- 
tion, whereas Giles’ figures are based on the per cent of voids in meas- 
ured quantities of sand. The more widespread occurrence of secondary 
growth in the St. Peter of Arkansas and Missouri undoubtedly has pro- 
duced a decrease in the porosity of the formation. 


AUTHIGENIC FELDSPAR 
The presence of detrital feldspar in early Paleozoic clastic sediments 


of the Mississippi Valley region has been reported by a number of 
workers, but authigenic growth on the feldspar grains was not reported 


18 W. L. Russell: A method for determining porosity, Am. Assoc. Petr. Geol., Bull., vol. 10 
(1926) p. 931-938. 

1 Determined by H. R. Kamb (geologist) and recorded in Report Layne-Northwest Co. to the 
City Council. Minneapolis, Minn. (August, 1932). 

2A. W. Giles: St. Peter and older Ordovician sandstones of northern Arkansas, Ark. Geol. 
Surv., Bull. 4 (1930) 187 pages. 
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until recently. Goldich ** found that the feldspar grains are rarely 
well rounded, and that they commonly occur as euhedral crystals. He 
noticed that the angularity of the grains is due largely to authigenic 
growth. Such secondarily enlarged grains were discovered in the New 
Richmond, Jordan, Franconia, and Dresbach sandstones in southeastern 
Minnesota. In the New Richmond, many rounded grains of microcline 
have been enlarged by a later growth of orthoclase. In some grains two 
periods of growth, separated by an interval of abrasion and rounding, 
have been recognized. Tester and Atwater ** studied a large number 
of thin sections and insoluble residues and concluded that authigenic 
feldspars occur in many types of rock from Cambrian to Cretaceous 
in age. They concluded that in certain instances the evidence indicates 
that authigenic growth occurred after consolidation of the rock and 
during a period of replacement by meteoric water. 

Giles reported the presence of feldspar in the St. Peter sandstone in 
Arkansas ** but made no reference to its authigenic nature. He studied 
seven samples from widely separated regions and found that all con- 
tained feldspar grains. Both orthoclase and microcline were identified 
in grains usually less than ¥% of a millimeter in length. 

In view of the fact that feldspar has been used as a criterion for 
determining the distance a sediment is removed from its parent rock, 
and as a criterion for the number of cycles of sedimentation through 
which a given sediment has passed, a study was made of the distribu- 
tion of both detrital and authigenic feldspar in the St. Peter formation. 
Preliminary examinations showed that most feldspar grains are found 
in the fine-grained fractions of the sandstone. Therefore, the 14- to 
Y, ,-millimeter fractions of twenty-five samples from widely separated 
areas and from various stratigraphic positions within the St. Peter were 
investigated. The feldspar was separated from the quartz by flotation 
with bromoform. This was accomplished by placing the sand and 
bromoform in a Penfield heavy mineral separator. The specific gravity 
of the bromoform was then gradually lowered by the addition of alco- 
hol. With continual, slight agitation to mix the fluids, a point was 
reached at which most of the quartz settled through the bromoform 
and the feldspar floated or remained in suspension in the separator. 
The feldspar concentrate was then recovered by means of a pipette. 


18. S. Goldich: Authigenic feldspar in dst of southeastern Minnesota, Jour. Sed. Petr., 
vol. 4 (1934) p. 89. 

224A. C. Tester and G. I. Atwater: Occurrence of authigenic feldspar in sediments, Jour. Sed. 
Petr., vol. 4 (1934) p. 23. 

3A. W. Giles: op. cit., p. 53. 
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In this way, concentrates containing 80 per cent of feldspar were iso- 
lated (Pl. 46). 

Some feldspar grains with secondary growth were found in 90 per 
cent of the samples studied. They are most abundant in the lower part 
of the formation. This distribution is strikingly shown in the outcrop 
at Mounds Park, St. Paul, Minnesota, where six samples, representing 
the upper 60 feet of the formation, each contained no more than a few 
grains of feldspar, whereas the three samples from lower horizons con- 


Taste 9.—Percentage of sodium and potassium in fractions of St. Peter sands finer 
than % millimeter (A. Willman, analyst) 


Location Na.O Remarks 
mt. Paul) Minn: 0.16 6.03 | Composite sample 
Mounds Park, Minn............ 0.17 1.50 | 0 feet-20 feet from top 
0.04 1.65 | 60 feet-80 feet from top 
St re 0.04 0.31 | Composite of 2 samples 
Mt. Pleasant, Ark.............. 0.16 0.17 | Composite of 3 samples 


tained as much as 3 per cent to 5 per cent of feldspar grains. Feldspar 
is also abundantly present in the lower part of the formation in the 
region of Newport, Minnesota, and eastward in Washington County, 
toward the valley of the St. Croix River. It was also found in the 
basal beds of the St. Peter that crop out along the Willow River in 
Wisconsin. Farther southward, in southeastern Minnesota and north- 
eastern Iowa, the feldspar is less abundant but is present in the lower 
part of the formation. A number of grains were separated from each 
of the samples from the St. Peter of Illinois, Missouri, and Arkansas, 
but it is far less abundant toward the southern margin of the formation. 

The decrease in feldspar southward is also shown by a decrease in 
the potassium content of the formation in that direction. Table 9 
shows the percentage of sodium and potassium in the fractions finer 
the ¥ millimeter in diameter. Since most of the feldspar was ob- 
served in the fine-grained fractions, only that part of a sample passing 
the 4-millimeter screen was used in making the analyses. The sam- 
ples from Minnesota contain from five to ten times as much K,O as 
those from Missouri and Arkansas. 

Both orthoclase and twinned feldspar grains are present. Many of 
the grains show the gridiron twinning characteristic of microcline. 
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Others have but one pair of twins that appear to be of the Carlsbad 
type, and still others show typical albite twinning (Pl. 46). In all 
cases of secondary growth observed on grains of twinned feldspar, 
the twinning ends abruptly at the margin of the original detrital grain 
and does not penetrate the secondary feldspar. The index of refraction 
of the authigenic growth is that of adularia or valentianite. The pres- 
ence of twinning of the albite type in the feldspar but not in the sec- 
ondary growth suggests that potash-bearing solutions were available 
for secondary growth, and that sodium-bearing waters, if present, did 
not find a favorable environment for the development of plagioclase. 

The distribution of both detrital and authigenic feldspar within the 
St. Peter sandstone suggests that the upper part of the formation has 
had its sand subjected to more intensive abrasion and attrition than 
that of the lower part. This is especially true in the upper Mississippi 
Valley where very little detrital feldspar is found in the upper 50 feet 
of the formation. Since feldspar possesses good cleavage and since it 
is also softer than quartz, it is more susceptible to impact, crushing, 
and abrasion. Cozzens ** has found that the rate of abrasion is at 
least partially an inverse function of scratch hardness, but rate of wear 
by impact is evidently more closely related to elasticity and other 
strength properties. He has computed a reduction index (RI) that is 
defined as a loss in weight in parts per million per meter of peripheral 
travel. In all tests, orthoclase showed a higher reduction index than 
quartz. Furthermore, orthoclase is the more easily weathered. 

Since the pre-Cambrian sandstones and quartzites of the Laurentian 
shield are all somewhat arkosic, the marked decrease in the amount 
of feldspar in the upper part of the St. Peter sandstone suggests that 
its sands may have been derived from an earlier phase of the same 
formation, reworked by wave, stream, and wind action. This interpre- 
tation is supported by the smaller size of grain and a higher degree 
of sorting of the quartz grains. 


HEAVY MINERAL ACCESSORIES 


General statement.—Because of the purity of the St. Peter sandstone 
as a silica sand it contains but few heavy minerals. In order to obtain 
relatively large representative samples of the heavy minerals that 
characterize the formation, several twenty-five-pound samples were 
run over a jig table that tends to separate the quartz from the minerals 


% A. B. Cozzens: Rates of wear of minerals, Wash. Univ. Stud., Sci., and Tech. ser., no. 5 
(1931) p. 79. 
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of greater specific gravity, and the heavier fractions were retained. 
These were fractioned further by heavy mineral separations. For this 


TaBLeE 10.—Percentage distribution of heavy minerals in various textural grades 
and in different stratigraphic positions in the St. Peter sandstone 


Location of Size of Percentage Distribution of 
Samples Grains Heavy Minerals 
oOo 
Mounds Park, St. Paul: 
0-30 from top.......... 25| 25; 2; 38] 8}. 
| 51/16} 2/29] 1 1 |. 
82 | 12 1 
30-58 from top......... 10} 6]. 
| 11 | 14] 67] 1 
Chatfield: 
0-10 from top.......... 
| 78) 22] 1 2 
8} 1] 1 
Y4/ | 33) 5] 2] 1 2 
(95) 4] 14. 
Caledonia: 
30-40 from top......... 3 |. 
Y-Yy 54 | 37 |. 9 |. 
Y/ | 85] 7]....] 8]. 
-/w | 97) 2] 14. 


operation, bromoform was used in Penfield heavy mineral separators. 


The physical and optical properties of the minerals were identified 
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by methods recommended by Edson, Milner, Grout, Winchell, Larsen, 
Tickell, and others.” 

Zircon and tourmaline are the most abundant minerals in the heavy 
fractions (Pl. 48). Locally, rutile and other titanium-bearing min- 
erals are very abundant. One sample of the heavy minerals, when 
analyzed, was found to contain 40 per cent of titanium oxide. Garnet 
is very restricted in its distribution and was found in only ten of the 
103 samples that were examined. Eight of the ten samples came from 
the upper ten feet of the formation. In addition to the above men- 
tioned minerals there are a few grains of anatase, monozite, titanite, 


Taste 11—Summary of percentage distribution of heavy minerals according to 
size, in the St. Peter sandstone of southeastern Minnesota. Based 
on the average of 24 samples 


Diameter Heavy Mineral 


In milli- Tour- Leu- Hypers- | Titan- | Horn- 
meters | Zircon | maline | Rutile | coxene | Garnet | thene ite | blende 


32 43 3 16 4 1 

—'/16 77 6 15 1 


leucoxene, and magnetite, and a number of grains which are translucent 
or opaque, some brown, dark yellow, or dark gray, but which were not 
definitely identified. Locally, limonite and pyrite are very abundant, 
but they were dissolved with acid or ignored in the counting of the 
grains. 

The size of the heavy mineral grains is shown in Tables 10 and 11. 
Very few grains are coarser than 14 millimeter. In most samples the 
tourmaline grains are the largest, the zircon grains smaller, and the 
rutile and anatase grains smallest. 


%F. C. Edson: Criteria for the recognition of heavy minerals occurring in the mid-continent 
field, Okla. Geol. Surv., Bull. 31 (1925). 

H. B. Milner: Sedimentary petrography. Van Nostrand Co. New York (1929). 

F. F. Grout: Petrography and petrology. McGraw-Hill Co. New York (1932). 

A. N. Winchell: Elements of optical mineralogy, Part II, Description of minerals. John Wiley 
and Sons. New York (1927). 

E. S. Larsen: The microscopic determination of the non-opaque minerals, U. 8S. Geol. Surv., 
Bull. 31 (1925). 

F. C. Tickell: The examination of fragmental rocks. Stanford Univ. Press, Stanford Univ. (1931). 
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The relative amount by weight of heavy mineral grains present in 
a sample of St. Peter sandstone is shown in Table 12. The marked 
variations in the total heavy mineral content appear to be due to 
environmental conditions rather than any general vertical or horizontal 
change (Tables 13 and 14). This is strikingly shown by the “flood” 
of rutile and other titanium minerals that characterize certain localities, 
but are not confined to any definite horizon within the formation. 


Taste 12—Average percentages of heavy minerals by weight in the St. Peter 


sandstone 
Location of samples Per cent 

Number | by weight 

of of heavy 

Geographic Stratigraphic samples minerals 
0 Upper 40 feet............ 4 .0066 
Unper 40 feet... 4 .0057 
90 feet from top.......... 1 .0045 
Chimney Rock........... Upper 2 .0283 
Decorah, Iowa........... Upper 30 feet............ 3 0107 
N. Minneapolis.......... Upper 20 feet............ 2 .0587 
80-110 feet from top...... 3 .0062 
15 feet from base......... 1 .0045 
Upper 40 feet............ 2 .0112 
Upper 50 feet............ 6 .0240 


* Average calculated from J. E. Lamar’s tabulation: op. cit., p. 60. 


Calculated averages based on counts of heavy mineral grains show 
a variation from 11 grains per gram of sand from a composite sample 
from Blue Mound, Wisconsin, to 440 grains per gram of sand from a 
similar composite sample from Caledonia, Minnesota (Table 15). The 
latter was characterized by a “flood” of small grains of rutile. 


Zircon—Most of the zircon grains are faintly rose pink in color. 
Some are deep pink to brownish pink, and others are pale blue to color- 
less. The shapes vary from rounded nearly spherical grains to elon- 
gated angular, prismatic grains with distinct crystal faces. Most of 
the grains are either sub-rounded or cylindrical in shape. Those with 
cylindrical shapes were derived from prismatic grains that have had 
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TasLe 13—Percentage distribution of heavy minerals in the upper part of the 
St. Peter formation, based on the number of grains present 


g/8/38 
0 feet-10 feet from top 
St. Paul Park.......... 78 
Gabtio Rock... 39 | 60 |. 1 
Chimney Rock......... 86 | 14 |. 
84 | 16 |. 
Decorah (Iowa)........ 76447 | 44. 
10 feet-20 feet from top 
N. Minneapolis......... 53 | 19 | 8 | 17]. 24. 
Chimney Rock......... 65 | 26; 2] 6]. 1 
60 | 24 |. 13 |. 
35 | 45 ]....] 20]. 
80; 8 |. 12 |. 
Decorah (Iowa)........ 71 | 29 
20 feet-30 feet from top 
Mounds Park.......... 48 | 23 |....] 28 |. ad. 
Chimney Rock......... 46 | 49 |. 5 |. 
sone 37 | 52 |. 2 
Decorah (Iowa)........ 76 | 23 |. 
30 feet—40 feet from top 
23 | 73 |. 4}. 
25 | 75 |. 
42 | 55 |. 
88 | 11 |. 
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their euhedral outlines abraded. The sub-rounded to spherical grains 
were derived from short and stubby crystals. Both prismatic and 
stubby crystals with but slight rounding are present in the fractions 
that pass the screen with %4,-millimeter openings. Some show dis- 
tinct crystal outlines. The zircon grains show high relief, a high refrac- 
tive index, and a strong bi-refringence. They are non-pleochroic and 
optically uniaxial, positive. Many of the grains are zoned. Some 
twinning was observed, and inclusions are common. 


TaBLe 14—Percentage distribution of heavy minerals in the lower part of the 
St. Peter formation, based on the number of grains present 


© 
© 
a3 Location (Feet) 3 3 g = 
ds] < 
1 Mounds Park 60-70 from top | 21 | 36 | 20 | 23/|.... 
2 | Mounds Park 70-80 from top | 13 | 13 | 68 | 6/]....]. 
3 | Mounds Park 80-83 from top | 15 | 11 | 74 |....].... for © 
4 | S. Minneapolis 10 from base 14 5 | 76 Bitacss nae 
5 | 8. Minneapolis | 25 from base 18}; 7] 4 
6 | Zumbrota 100-110 from top} 25 | 30 |....| 45 ].... ee 
7 | Zumbrota 80-90 from top | 11 | 78 |....] 11 |. Rate 
8 | Preston 15 from base 1 2 
9 | Washington Co. 
No.1 38 | 50] 11 
10 | Washington Co. 
13 | Blue Mound 30-60 from top. 1 SB 41 | 4 


Grain counts on composite samples show that in the upper 40 feet 
of the St. Peter sandstone of Minnesota and Iowa, 22 per cent of the 
zircon grains are elongated or cylindrical, whereas only 16 per cent 
of the grains are elongated in the heavy fractions of the lower part 
of the formation. Samples from southwestern Wisconsin showed a 
smaller percentage (11 per cent) of long grains. 


Tourmaline.—Tourmaline is the most abundant mineral in many of 
the coarser grades of the sandstone. It occurs as strongly pleochroic 
grains that are brown, purplish-brown, smoky dark gray, and black in 
color. Some grains are deep-blue, and others are olive-green or color- 
less. The grains are well rounded and usually somewhat elongate. 
Many of the black grains, however, are more spherical. In the fine- 
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grained fractions a number of yellowish-brown grains show little 
rounding. Some of the coarser grains show irregularly chipped areas 
and smooth grooves; others are roughened by pits and irregular depres- 
sions. A shape analysis, as recommended by Trowbridge, showed 44 
per cent of the grains rounded, 54 per cent sub-rounded, and 2 per cent 
sub-angular. 


Rutile——The rutile occurs as short, prismatic grains, most of which 
are sub-rounded to angular in outline. Dark-brown to reddish-brown 
colors predominate. A high percentage of the mineral is opaque. The 
transparent grains are weakly pleochroic, changing from deep brown 


Taste 15—Average number of grains of heavy minerals per gram of St. Peter 
sandstone. Calculated from composite samples 


Pacific, Blue Mound,| St. Paul, Caledonia, 
Mo. Wis. Minn. Minn. 


Number of grains...... 21 ll 47 440* 


* A “flood” of very small rutile grains. 


to reddish-brown or yellowish-brown in color. They are non-magnetic 
and have a metallic to vitreous lustre. Because of the dark color of 
the rutile in this formation, it can readily be distinguished from stauro- 
lite, with which it may be confused where the two are light yellowish- 
brown in color. Rutile is commonly derived from the decomposition 
of ilmenite. The rounded and worn grains in the St. Peter sandstone 
suggest, however, that the grains are detrital. 


Garnet.—The garnet occurs as angular and slightly rounded pink to 
colorless, isotropic grains that show indications of dodecahedral cleav- 
age, but more evident conchoidal fracture. The mineral is character- 
ized by high relief, and therefore even the rounded grains appear 
rough and irregular. Some of the roughness is due to pits and grooves 
on the surface of the grains. A number of inclusions were also observed. 
The mineral is exceedingly rare in the St. Peter sandstone. Locally, 
however, in the upper ten feet of the formation a heavy mineral frac- 
tion may be nearly 50 per cent garnet. 


Leucoxrene.—The leucoxene occurs as rounded and irregular amor- 
phous aggregates that are light brown, yellow, and white in color. They 
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are translucent to opaque in transmitted light and show as unglazed, 
dull, porcelainic lustre in reflected light. The mineral is commonly 
present in detrital sediments where it is derived other titaniferous 
minerals. 


TasLp 16—Relative resistance to abrasion during transportation of a group of 
heavy minerals compared to that of crystalline hematite, which is 
designated as 100” 


Moh’s 

Mineral Specific | scale of | Relative 

gravity | hardness | resistance 
5.17 6-6.5 500 


* Quartz is included for comparative purposes. 


Topaz.—The topaz occurs as subangular to angular grains that show 
high relief and low bi-refringence. The mineral was found only in 
samples of the Simpson group from Oklahoma. 


CHEMICAL COMPOSITION 
GENERAL STATEMENT 


The chemical analyses of the St. Peter formation listed indicate that 
the formation is a pure silica sand (Tables 17 and 18). This is espe- 
cially true in the northern part of its present occurrence. Farther south- 
ward, lenticular, calcareous, and dolomitic beds are reported at various 
horizons within the formation. In Illinois the so-called “magnesia” 
beds contain no magnesium carbonate at the outcrop; however, well 
records at Gray’s Lake and Lake Forest in Lake County, Illinois, show 


% Compiled from a tabulation by F. W. Freise: Untersuchung von Mineralen auf abnutzbarkeit 
bei Verfrachtung im Wasser, Min. und Pet. Mitt., Bd. 41, Hefte 1 (1931) p. 1-7. 
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the presence of dolomite beds varying from 15 feet to 25 feet in thick- 
ness.?’ Still farther southward the lenses of limestone and dolomite 
are replaced by continuous calcareous beds that cover large areas. 
Clays and shales are rare in the outcrops of the St. Peter in Minne- 
sota and Wisconsin. Locally, in southwestern Wisconsin, thin layers 


% Olam. 
71737 1920 30 40 50 50 70 80 90 100% 


Ficure 15.—Histogram 
Showing the average textural composition of the silt bed that occurs at approximately 35 
feet from the base of the St. Peter sandstone over a large area in Minnesota. 


of sandy shale are seen near the base of the formation. Several horizons 
in Minnesota have been referred to as shales, but analyses show that 
such beds are siltstones rather than shales (Fig. 15). In Table 19 an 
analysis of the siltstone bed in the St. Peter of St. Paul and Minne- 
apolis, a short distance from the type section of the formation, is tabu- 
lated with other silts and clays, for comparative purposes. The high 
percentage of K,O in Sample No. 1 suggests a shale. However, a study 
of thin sections of the rock shows the presence of abundant orthoclase, 
microcline, and sericite. Several sections reveal a fine clay and seri- 
citic matrix in which the quartz grains are imbedded. Sample 7 repre- 
sents an average or composite analysis of four clays from the St. Peter 
of Illinois. This shows an average of less than 50 per cent SiO, and 


27 J. E. Lamar: Geology and economic resources of the St. Peter sandstone of Illinois, Ill. Geol. 
Surv., Bull. 53 (1928) p. 50. 


CHEMICAL COMPOSITION 


TasLe 17—Chemical analyses of St. Peter sandstone 


Sample Loss 
number SiO. | Al,O; | Fe20;| FeO | MgO | CaO | Na.0| K;0 | on ig- 
nition 
98.91 | 0.62 | 0.09 |...... 0.|02 0.01 | 0.02 | 0.27 
_ | 99.89 | 0.05 | trace |...... 
99.40 | 0.98 | 0.05 |...... 0.19 
99.70 | 0.01 | 0.06 |...... | 0.10 
98.41 | 0.43 | 0.28 ]...... 0.37 
98.39 | 0.29 | 0.30 |...... 2) 0.34 
99.08 | 0.26 | 0.06 |...... 0.10 
* TiO, = .05%. t Recalculated from MgCO, and CaCo,. 
** TIO, = .10%. t Washed sands. 


1. Mendota, Minn. Composite sample, upper 50 feet. A. Willman, analyst. 

2. South St. Paul, Minn. [C. W. Hall and F. W. Sardeson: Paleozoic formations of southeastern. 
Minnesota, Geol. Soc. Am., Bull., vol. 3 (1892) p. 351.] 

3. Fort Snelling, Minneapolis, Minn. [N.H. Winchell: The Geology of Minnesota, Final Rept., 
vol. 1 (1884) p. 202.) 

4. “‘Green sand”’ layer in St. Peter sandstone 5 feet from top of formation at North Minne- 
apolis. A. Willman, analyst. 

5. Mineral Point, Wis. [Moses Strong: Geology and topography of the lead region, in Geology 
of Wisconsin, vol. 2 (1877) p. 680.] 

6. Wisconsin. [Ernest R. Buckley: On the building and ornamental stones of Wisconsin (South- 
ern Potsdam sandstone), Wis. Geol. and Nat. Hist. Surv., Bull. 4 (1898) p. 231.] 

7. Wisconsin. Sec. 1, T. 1, R 8 E. Communication with State Geologist. 

8-12. Illinois. [J. E. Lamar: Geology and economic resources of the St. Peter sandstone of 
Illinois, Tl. Geol. Surv., Bull. 53 (1928) p. 154, sample V, sample IV (9), sample II (10), sample I 
(11), and sample III (12).] 

13. Perryville, Perry County, Mo. [C. L. Dake: The sand and gravel resources of Missouri, 
Mo. Bur. Geol. and Mines, vol. 15 (1918) p. 122, Sample 4.] 

14. Franklin County, Mo. Ibid. Sample 45. 16. St. Charles County, Mo. Ibid. Sample 77 

15. Jefferson County, Mo. Ibid. Sample 56. 17. Jefferson County, Mo. Ibid. Sample 109. 

18. Sidney, Ark. [A. W. Giles: St. Peter and older Ordovician sandstones of northern Arkansas, 
Ark. Geol. Surv., Bull. 4 (1930) p. 71, Sample 2-A.] 

19. Pilot Knob, Ark. Ibid. Sample 11-ABC. 20. Wilcockson, Ark. Ibid. Sample 21-J. 
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over 30 per cent Al,O,, whereas the silt horizon in Minnesota has over 
68 per cent SiO, and only 16.49 per cent Al,O,. The same table shows 
partial analyses of material finer than 250 mesh in samples of the St. 
Peter sands from southeastern Minnesota. The average content of 
Al,O, is only 6.09 per cent, whereas SiO, average 86.32 per cent. 


TasLe 18.—Comparison of the chemical characters of St. Peter sands from different 


areas 

No. of Loss 
State analy- | SiOz | Al:O; | Fe:O;} CaO | MgO | on ig-| Total 

ses nition 
Minnesota........ 3 98.79 | 0.64 | 0.21 | 0.15 ]...... 0.09 | 99.88 
Wisconsin........ 3 98.01 | 0.55 | 0.66 | 0.43 | 0.10 ]...... 99.75 
SS” ree 5 99.72 | 0.11 | 0.05 | 0.56 | 0.04 |...... 99.95 
Missouri*........ 22 98.87 | 0.35 | 0.19 | 0.13 | 0.08 | 0.34 | 99.96 
Arkansas*........ 18 99.02 | 0.27 | 0.17 | 0.07 | 0.002) 0.25 | 99.77 
Oklahoma*....... 1 99.22 | 0.32 | 0.14 | 0.18 | trace | 0.003] 99.86 


* A. W. Giles: St. Peter and older Ordovician sandstones of northern Arkansas, Ark. Geol. Surv., 
Bull. 4 (1980) p. 73. 

A mechanical analysis of a composition sample of St. Peter sands 
from near the type section shows only .08 per cent finer than %s5¢6 
millimeter. 

Dake ** states that many of the high clay phases of the formation in 
Missouri are also ferruginous and are closely related to erosion sur- 
faces. He, therefore, concludes that they may be attributed to the in- 
troduction mechanically of fine ferruginous clay. Sample No. 1 of 
Table 19 represents a composite from diamond drill cores taken 110 
feet-125 feet below the top of the formation. Undoubtedly, very little 
secondary clay has been introduced at that depth. A similar siltstone 
horizon in the lower part of the formation is indicated from a study 
of samples from the well of the Zinsmaster Baking Company in South 
Minneapolis. At that location the fine-textured sands are 45 feet from 
the base (Fig. 16). The basal 40 feet are composed of poorly sorted 
sands with a wide textural range. 


IRON CONTENT 


Iron is most abundant in the St. Peter sandstone of the Upper Missis- 
sippi Valley, in the upper parts of outcrops that are devoid of a cover- 


%C. L. Dake: op. cit., p. 142. 
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ing of Platteville limestone or Glenwood shale. In such positions the 
iron is clearly an infiltration from the glacial drift that overlies the 
sandstone. In a number of localities, sufficient iron cements the sand 


Ficure 16.—Teztural analysis, in per cent by weight, of samples of ‘the lower 75 feet of the St. Peter 


dst in Mi polis, 
The basal 40 feet are poorly sorted. 


KS. 


to form typical limonitic sandstone concretions, varying from less than 
an inch to six inches in diameter. In a zone extending east and west 
about 30 miles south of Minneapolis, the St. Peter crops out as low 
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mounds in the fields. Where the soil has been removed by erosion, 
sandstone concretions cemented with limonite are concentrated on the 
tops of the outcrops. 

On freshly quarried surfaces, iron is seen in the sandstone as reddish- 
brown horizontal bands, from one to six inches in thickness. An ex- 
amination of the sand from such bands shows the iron as a coating of 


TaBLe 19.—Chemical analyses of silts and clays from the St. Peter sandstone 


Sample Numbers 
Composition 
3t 4tt 5t 6tt 7§ 
Rn cea che 68.64 | 69.96 | 88.90 | 79.00 | 91.50 | 85.90 | 49.70 
16.49 | 10.52 | 5.15 | 9.42] 3.90 | 4.92 | 33.00 
1.40 | 3.47] 0.88; 1.52] 1.08] 1.77] 2.20 
0.93 | 0.59]; 0.30} 1.00] 0.25} 0.25)....... 
Loss on ignition. .... 12.86 


* Siltstone bed in St. Peter sandstone 115 feet from top of formation at the Ford Bridge, 
St. Paul, Minn. 

** Mississippi River silt. [F. W. Clarke: Data of geochemistry, U. S. Geol. Surv., Bull. 770 
(1924) p. 509.] 

+ Silt finer than 250 mesh screened from a composite sample of St. Peter sandstone from 
Mendota, Minn. 

tt Silt finer than 250 mesh screened from a composite sample of St. Peter sandstone from 
St. Paul Park, Minn. 

{Silt finer than 250 mesh screened from a composite sample of St. Peter sandstone from 
Castle Rock, Minn. 

tt Silt finer than 250 mesh screened from a composite sample of St. Peter sandstone from 
Caledonia, Minn. 

§ Average of four analyses of clays from the St. Peter of Illinois. [J. E. Lamar: Geology and 
economic resources of the St. Peter sandstone of Illinois, Ill. Geol. Surv., Bull 53 (1928) p. 51.] 


the quartz grains. Analyses indicate that most of the iron is in the 
finer fractions. (Compare Samples 3 to 6, Table 19, with the iron 
content as shown in Table 17.) Some of the concentration of iron in 
the finer fractions may be due to the rubbing of the sand grains in 
the process of screening. Small earthy grains of limonite are rubbed 
and shaken from the larger quartz grains. Such material passes 
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through the coarser screens with the finer sand particles. The iron in 
the horizontal bands does not suggest an infiltration. Dake is of the 
opinion that they represent former levels at which the water level stood 
for some time, allowing the oxidation of slightly ferruginous solutions 
to produce a faint coat of iron on the grains. 

The presence of the “green-sand” layer about 15 feet from the top 
of the St. Peter in the region of St. Paul and Minneapolis suggests that 
some of the iron may be of syngenetic origin. The so-called “green- 
sand” is a layer of typical St. Peter sand in which the grains are coated 
with a film of a pale green material that appears cryptocrystalline 
under the microcsope. A chemical analysis of sand from this layer is 
given as Sample 4, Table 17. It contains approximately twice as much 
Al,0,, nearly three times as much iron, and over fifteen times as much 
K,O as the composite sample representing the upper 50 feet of the 
formation. On exposed surfaces the layer is oxidized to a yellowish- 
brown color. Screened analyses of the green layer show many aggre- 
gates in the coarser fractions that are composed of small quartz grains 
in a siliceous matrix of pale green color. Crushed aggregates reveal 
green mould-like structures that were occupied by small quartz grains. 

Hadding *® reports the presence of glauconite pigment, glauconitic 
crusts, and impregnations of glauconite in the sedimentary rocks of 
Sweden. He is of the opinion that the impregnations were deposited 
from colloidal solutions and not by the enrichment of dust from crum- 
bled grains of glauconite. Where glauconitic aggregates are squeezed 
out between sand grains in a sandstone, he believes that the glauconite 
was a plastic, gelatinous product of flocculation from colloidal solu- 
tion, and that the grains of sand became imbedded in the gel before it 
was solidified. Many of the aggregates in the “‘green-sand” layer 
of the St. Peter sandstone in Minnesota seem to have been formed in 
a similar manner. However, no grains of glauconite were observed. 

If the pale green layer in the upper part of the St. Peter is glauconitic, 
important paleogeographical inferences may be drawn from its presence 
in the formation. Hadding states that glauconite is “always marine, 
always sublittoral, always a shallow sea formation, under decreased 
deposition of detritus (especially fine detritus), often formed during 
negative sedimentation, most abundant immediately after periods of 
negative sedimentation, never formed in highly oxygenous water.” 


2 Assar Hadding: The pre-Quartenary sedimentary rocks of Sweden, Lund Universitet Arsskrift, 
Bd. 28 (1932) p. 104. 
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TRANSITIONAL RELATION TO GLENWOOD BEDS 


Throughout the entire area of outcrop of the St. Peter in southeastern 
Minnesota, the upper six to ten feet of the sandstone shows a marked 
change in its textural and petrographic characteristics (Tables 2 and 
13). The sandstone is coarser grained and occurs as thin-bedded layers 
that owe their stratification to yellow iron oxide. Several thin irregular 
seams of limonite are very persistent over large areas and may repre- 
sent corrosion surfaces formed at a time of negative deposition, when 
the sediments were built up to the profile of deposition in a shallow 
sea where an oxidizing environment prevailed. Similar zones of oxida- 
tion have been reported in recent sediments on the continental shelf 
off the eastern coast of New England and New Jersey.*® 

Above the limonitic layers near the top of the St. Peter the sandstone 
is pale green in color, due to small amounts of green shale and silt in 
the sand. This material grades upward into arenaceous shale, which 
is overlain by thinly laminated green shale. 

Samples taken from these upper layers of sandstone are characterized 
by the presence of much garnet in the heavy mineral fractions. Garnet 
is also abundantly present in the sandy layers at higher stratigraphic 
positions in the sandy layers of the Glenwood shale. In view of the 
extreme scarcity of garnet at depths greater than ten feet from the top 
of the St. Peter sandstone, it is here suggested that the coarser-grained 
and thinly laminated layers of sandstone near the top of the formation 
be considered the basal strata of the Glenwood beds. Their deposition 
marks the beginning of a new series of sediments that represent a 
progressive deepening of the sea in which the Platteville limestone was 


later deposited. 
SOURCE OF THE ST. PETER SANDSTONE 


Many divergent opinions have been put forward regarding the source 
of the sands incorporated in the St. Peter sandstone. A brief statement 
of some of the views is given for comparative purposes. Trowbridge ** 
states: “so far as is known, there was no considerable area of Cambrian 
sandstone exposed anywhere at the time the St. Peter was deposited. 
More likely the sand was prepared by the mature weathering of igneous 
rocks in the land area of Canada, transported to its present position 
and then deposited in the sea.” 


% A, E, Alexander: A petrographic and petrologic study of some continental sediments, Jour. 


Sed. Petr., vol. 4 (1934) p. 12. 
1A. C. Trowbridge: The origin of the St. Peter sandstone, Iowa Acad. Sci., Pr., vol. 24 


(1917) p. 171. 
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PHOTOMICROGRAPHS SHOWING DIFFERENCES IN THE SURFACE 
OF SAND GRAINS FROM THE ST. PETER SANDSTONE 


Figure 1. Smooth, slightly frosted grains from Pacific, Missouri. 
Figure 2. Rough surfaces due to secondary growth on sand from Guion, Arkansas. ‘ 
Figure 3. Smooth, polished and frosted grains characteristic of the St. Peter at Decorah, Iowa. 
Figure 4. Slightly frosted and pitted grains characteristic of the St. Peter at Ottawa, Illinois. 
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PHOTOMICROGRAPHS OF HEAVY MINERALS FROM THE 
ST. PETER SANDSTONE 
Figure 1. Zircon (Z) and Tourmaline (T) showing variations in size and 
shape. (X 80). 
Figure 2. Large garnet grains with smaller grains of zircon and tourmaline. 
An assemblage characteristic of the upper ten feet of the sandstone. (X 50). 
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Dake *? is of the opinion that most of the St. Peter sands were derived 
from the Potsdam sandstones. He states: “If the Everton, St. Peter, 
Joachim, and probably the Jasper of Arkansas be considered the St. 
Peter group, then St. Peter deposition began earlier to the south, with 
considerable limestone, apparently before the main source, the Pots- 


dam, had been uncovered at the north. ... The St. Peter and the 
Roubidoux appear to have been derived from a common land mass, 


which was almost certainly located to the northward on the present 
site of the Pre-Cambrian shield. . . . The derivation of the St. Peter 
largely from the Potsdam belt in which the sands were already well 
sorted and rounded, together with the added sorting and rounding by 
the wind work in the supply area, and by waves in the sea, explains 
in a wholly satisfactory manner the high degree of purity and round- 
ing of its grains.” Lamar ** favors a similar interpretation. 

Giles ** also agrees with Dake and adds that “a comparison of the 
average results of a larger number of mechanical analyses of St. Peter 
sand of Illinois, Missouri, and Arkansas clearly indicates the in- 
creasing fineness of the sand in proceeding southward in the Mississippi 
valley. This increase in fineness is attributed to greater attrition 
resulting from farther transportation from the original sources of the 
sand in northern United States and southern Canada.” 

Berkey * refers to a marginal supply of sand exposed at the north 
to all transporting agencies. “Along this northern coast there was at 
all times a broad and thick accumulation of sands from the waste of 
the continent. It lapped against the retreating shore in such position 
and in such condition that any considerable diastrophic movement 
elevating the land would subject great quantities of this loose material 
to the outwash of the sea and other transporting agencies.” 

The textural and mineralogic characteristics of the St. Peter sand- 
stone indicate that its sands have passed through several cycles of 
sedimentation. The degree of sorting and rounding that character- 
izes the formation wherever it occurs, precludes the possibility of the 
sands having been derived from the mature weathering of igneous 
rocks, as suggested by Trowbridge. In southwestern Minnesota the 
basal Cretaceous is represented by sandstone derived from the mature 
weathering and decomposition of granite and granite gneiss. Locally 


3 C. L. Dake: op. cit., p. 219. 

83 J, E. Lamar: Geology and economic resources of the St. Peter sandstone of Illinois, Ill. Geol. 
Surv., Bull. 53 (1928) p. 14. 

% A. W. Giles: op. cit., p. 43. 

%C. P. Berkey: Paleogeography of Saint Peter time, Geol. Soc. Am., Bull., vol. 17 (1906) 
p. 229-250. 
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the granite is overlain by as much as thirty feet of residual clays. 
Many of these residual sediments were reworked and transported to 
the Cretaceous sea. Sorting by streams and waves has separated the 
quartz from the clays. Samples of the Cretaceous sands were col- 
lected and compared with those from St. Peter and from the Jordan 
formations. The Cretaceous is very poorly sorted, and the grains are 
sharp and angular. 

The accessory minerals in the St. Peter sandstone suggest also that 
the sands have passed through several cycles of transportation and 
attrition. The amount of feldspar is greater in the lower part than 
in the upper part of the formation. Furthermore, a decrease in feld- 
spar toward the south is shown in both petrographic and chemical 
analyses (Table 9). This suggests more intense attrition due, per- 
haps, to more distant transportation. The percentage of heavy acces- 
sory minerals that remain in the St. Peter sands is very small, and 
the minerals are those with a resistance to abrasion during trans- 
portation that is greater than that of quartz. Zircon, rutile, and 
tourmaline are most abundant. Of these, rutile and tourmaline are 
from five to ten times as resistant as quartz. The common rock-forming 
ferro-magnesian minerals are no longer present. 

If the St. Peter sands were derived from the Potsdam sandstones, 
as suggested by Dake, Lamar, and Giles, one would expect to find 
these Cambrian sandstones composed, for the most part, of sands 
coarser than, or at least as coarse as, the St. Peter sands. The median 
diameter of thirty-eight samples of Jordan sandstone from widely 
separated areas in Minnesota and Wisconsin gave an average of .211 
millimeter, whereas 106 samples of St. Peter sands from the same gen- 
eral area yielded an average median diameter of .220 millimeter. If 
the St. Peter sands were exposed to the action of the wind, waves and 
streams before their final deposition during the Ordovician period, the 
same sands from which they were derived must have been of coarser 
texture than those which characterize the present northern margin 
of the Potsdam or Croixian series. Locally the secondary growth of 
quartz grains may have some influence on the median size as deter- 
mined from screen analyses. However, in the Upper Mississippi Val- 
ley the Jordan sandstone shows more secondary enlargement than the 
St. Peter sands. 

If one is justified in assuming that sands are coarser grained nearer 
the source of supply, it may be reasonable to postulate that the por- 
tions of the Potsdam of Croixian sandstones that once overlapped 
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the pre-Cambrian to the north of their present margins, were of coarser 
texture. Such sands may have contributed to the Ordovician sea 
during the time the St. Peter was being deposited. However, there 
are hundreds of feet of sandstone older than the Croixian that crop 


TABLE 20—Summary of textural characteristics and percentage distribution of 
heavy minerals of the Kettle River sandstone from Sandstone, Minnesota 


Stratigraphic Percentage Distribution 
Position Textural Characteristics of Heavy Minerals 
S => S g © 3 
a sis 
290 | 1.40 | 0.97 | .150 | 2.17] 56} 19) 0; 23; 1 
| 260 | 1.39 | 0.96 | .140 | 2.15] 70; 12; 0/17) 1 
385 | 1.25 | 0.95 | .245 | 1.67] 59 | 8] 25] 8 
30-40....... 305 | 1.36 | 0.93 | .145 | 2.87] 70 | 14] 0| 16] O 
40-50....... 315 | 1.37 | 0.88 | .150 | 2.40] 35 | 40} Oj; 24; O7; 1 
ee 260 | 1.41 | 0.96 | .140 | 2.15 | 79 | 12 1 7} © 1 
315 | 1.36 | 0.99 ; .160 | 2.22 | 54/11] 33] 1 1 
275 | 1.36 | 0.99 | .140 | 2.21 75 | 11; 14] O 
| re 310 | 1.71 | 1.02 | .180 | 1.94] 38 | 31} Oj 31] O 
Average. ..| .302 | 1.40 | 0.97 | .161 | 2.14 


out beyond the north margin of the Cambrian formations in Minnesota 
and Wisconsin. These sandstones are coarser textured than both the 
Jordan and the St. Peter. A series of nine samples of the Kettle River 
sandstone taken at Sandstone, Minnesota, shows an average median 
diameter of .302 millimeter (Table 20), whereas the St. Peter of 
Minnesota has an average median of .216 millimeter. 

The textural and petrographic analyses shown in Table 20 indicate 
that these older sandstones may have furnished much of the sand that 
was further sorted, abraded, and rounded by the agents of transpor- 
tation that carried it to sites of deposition during St. Peter time. 
These pre-Croixian sandstones also overlapped farther northward over 
the areas of Huronian slates and schists, and could have furnished sand 
to the St. Peter sea. Undoubtedly, the Cambrian, where exposed, fur- 
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nished some of the sediment, but the greater part must have been 
derived from rocks coarser textured than those of the present Croixian 
series. 

Since the disconformity between the St. Peter and the Shakopee 
and Oneota dolomites marks a sufficiently long period of time for the 
development of a rugged topography on the upper surface of these 
formations, it is reasonable to suppose that the Croixian sands to the 
north were also deeply dissected, and pre-Croixian clastic sediments 
were exposed during St. Peter time. 

It is impossible to determine how often the St. Peter sands were 
washed and rewashed by wave action, or how many times large 
areas of the sand were exposed to the action of wind. However, in 
Minnesota and Wisconsin the sand grains are more uniformly and 
more completely frosted than in Missouri, Illinois, and Arkansas. 
The eolian characteristics of some of the sands have long been 
recognized, but they in themselves do not establish a non-marine 
origin. Udden * infers that in eolian sands the portion next in amount 
to the maximum is coarser in grain. Such a textural relationship was 
found in 37 out of 75 samples of St. Peter from Minnesota, and 31 out 
of 59 samples from other states. In other words, approximately half 
the samples showed a higher percentage by weight in the fraction 
coarser than the maximum than in the fraction finer than the max- 
imum. 

Dake *’ states that the St. Peter and the Roubidoux appear to have 
been derived from a common land mass, and Lamar found no marked 
difference between the St. Peter and the New Richmond. He states 
that “two unlabeled samples of these sands would be indistinguish- 
able.” The writer has not examined the Roubidoux sandstones, but 
the New Richmond formation of Minnesota, Wisconsin, and northeast- 
ern Iowa, commonly correlated with the Roubidoux, is quite different 
from the St. Peter. It shows marked differences both texturally and 
petrographically. The heavy minerals were separated from 12 samples 
representing six different localities in southeastern Minnesota and 
northeastern Iowa. The following average frequency was observed: 
garnet, 70; tourmaline, 21; zircon, 7; leucoxene, titanite, and others, 2. 
Only a few garnet grains were observed in the scores of samples of 
St. Peter that were studied. The New Richmond sand contains an 

% J. A. Udden: Mechanical composition of clastic sediments, Geol. Soc. Am., Bull., vol. 25 


(1914) p. 787. 
"CC. L. Dake: op. cit., p. 221-224. 
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average of about 150 grains of heavy minerals per gram of sand, 
whereas the St. Peter contains less than 50 grains per gram. 

Garnet is more resistant to abrasion during transportation than 
zircon (Table 16). If the St. Peter sands with an abundance of zircon, 
were derived from the same source as the New Richmond which con- 
tains much garnet (Table 21), one would expect to find more garnet in 
the St. Peter. Scores of samples that were examined contained no 
garnet grains in the heavy fractions. 


Tasip 21—Frequency distribution of heavy minerals in a composite sample of 
New Richmond sandstone from six localities in southeastern Minnesota * 


Minerals 
Diameter in 
millimeters 
Tour- Horn- | Leu- 
Garnet | maline | Zircon | Rutile | blende | coxene 
oe) ae 45 43 7 1 1 3 
Lg eee 64 22 10 1 1 2 
75 8 14 0 1 2 


*The fractions coarser than % millimeter contain a few grains of garnet and tourmaline. 
Several grains of mica and of brookite were also observed. In the coarse fractions there are 
not more than one or two heavy mineral grains per gram of sand. 


The sandstone members of the Simpson group contain heavy minerals 
that are lacking in the St. Peter of the Upper Mississippi Valley. 
Topaz is relatively abundant in many of the samples from Oklahoma, 
whereas none was found in the St. Peter of Minnesota, Iowa, and 
Wisconsin. Ver Wiebe * has indicated that the Ordovician sandstones 
of the Southwest may have been derived from the erosion of land 
areas to the south and west. 

In north central Illinois the St. Peter is, for the most part, coarser 
grained than in adjoining areas to the west and northwest. Un- 
doubtedly, currents influenced by the configuration of the shore lines of 
the St. Peter sea were responsible for a greater concentration of coarse 
sands in that area. 

Field evidence indicates that most of the formation is of marine 
origin. The stratification, ripple marks, cross-bedding, and other 


8 W. A. Ver Wiebe: Present distribution and thickness of Paleozoic systems, Geol. Soc. Am., 
Bull., vol. 43 (1932) p. 495-540. 
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structures are of the varieties more typical of water-laid deposits 
than of eolian sediments. Furthermore, a fauna containing cepha- 
lopods, gastropods, pelecypods, and other forms of marine life, totaling 
14 genera and 28 species, has been identified as far north as Minnesota.*® 


SUMMARY 


1. The St. Peter is a composite, marine sandstone formed during 
periods of oscillation of sea level, in a shallow sea characterized by 
retreats and re-advances of the marine environment. Each advance 
was separated by an interval of erosion during which wind action 
played a part in rounding and frosting the sand grains. The influence 
of wind erosion is most evident in the St. Peter of the Upper Missis- 
sippi Valley. 

2. In a formation such as the St. Peter it is difficult to detect an 
erosion surface on the basis of field observations alone. However, 
petrographic characteristics of certain horizons within the formation 
suggest breaks that were followed by the deposition of sands re- 
worked from earlier phases of the formation. The following observa- 
tions support such an interpretation: 

(a) Detrital and authigenic feldspar grains are common in the 
lower part of the formation. Very few grains were observed in the 
upper forty feet of the formation. 

(b) A siltstone horizon about 50 feet from the base of the forma- 
tion marks the top of the first series of clastic beds. Below the silt- 
stone the beds are more poorly sorted. 

(c) The average median diameter of the sand grains is less in the 
horizons above the siltstone bed. 

(d) The index of circularity of the sand grains is greatest in the 
upper part of the formation. 

(e) In the upper horizons, heavy minerals are fewer in number and 
in species represented. Only the most resistant accessories remain. 

(f) The greatest uniformity in size and shape of sand grains is 
found in a zone 20 feet to 40 feet from the top of the formation. 

3. The upper six or eight feet of the St. Peter sandstone in the Upper 
Mississippi Valley are much coarser grained than the lower horizons. 
These coarser sands contain abundant garnet similar to that found in 
the coarse sandy layers of the Glenwood beds that overlie the St. Peter. 
Because of these textural and petrographic similarities the upper part 


°F. W. Sardeson: The St. Peter sandstone, Minn. Acad. Sci., Bull. 4 (1892-1910) p. 64-87. 
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of the St. Peter may represent an early phase of Glenwood sedimenta- 
tion. 

4, The sands in the horizon 10 feet to 40 feet from the top of the 
formation are more rounded and frosted in the area of the Upper 
Mississippi Valley than in Missouri, Arkansas, and Oklahoma. 

5. There is no general increase in fineness of the sands southward in 
the Mississippi Valley. There is, however, a decrease in size of grain 
from north central Illinois northward to the present margin of the 
formation. 

6. A comparison of the coefficients of sorting shows a higher degree of 
sorting in the sands toward the southern part of the St. Peter area. 

7. The sands of the St. Peter are too well sorted and rounded to have 
been derived directly from an area of maturely weathered granite. 

8. The sands of the Croixian series are finer texture than the St. 
Peter and contain a different assemblage of heavy minerals. 

9. The New Richmond and the St. Peter sandstones of southeastern 
Minnesota differ markedly both in texture and in mineral composi- 
tion. 

10. The pre-Croixian sandstones along the south margin of the 
Laurentian Shield have contributed much to the St. Peter sand. The 
Kettle River sandstone of pre-Cambrian age has an average median 
diameter slightly greater than that of the St. Peter, and the two forma- 
tions contain the same heavy mineral accessories in approximately 
the same ratio. 
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INTRODUCTION 


This paper, describing the occurrence of glacial erratics in Willamette 
Valley of northwestern Oregon, is presented as a contribution toward 
the unraveling of the complex glacial history of the Columbia River 
basin. Not only may the data be useful to other workers, but the facts 
recited appear to furnish a basis for important Pleistocene correla- 
tions. The assistance furnished by a grant-in-aid from the National 
Research Council, covering part of the field expenses of this study, 
is gratefully acknowledged. 


GENERAL SETTING 


Willamette River, one of the major tributaries of lower Columbia 
River, occupies an open valley in northwestern Oregon between the 


* Manuscript received by the Secretary of the Society, August 20, 1934. 
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Cascade Mountains on the east and the Coast Range on the west. 
Its expanded portion north of Eugene, Oregon, is about 125 miles 
long and at most places 15 to 30 miles or more wide. It receives 
the drainage of Coast and Middle forks from the south, of the McKen- 
zie, Calapooya, South Santiam, North Santiam, Pudding, Molalla, 
and Clackamas rivers from the Cascade Mountains, and of the Long 
Tom, Marys, Luckiamute, Yamhill, and Tualatin rivers from the Coast 
Range. These tributaries have built fans at the borders of the valley, 
confluent with a fill of alluvium on the valley floor, which descends 
from about 425 feet above sea level at Eugene to about 150 feet above 
sea level near McMinnville, but which rises again to 180 feet above 
sea level farther east and to 200 to 300 feet above sea level at Portland. 
This rise at the lower end of the valley is the surface of a fan-like 
deposit of Columbia River. Willamette River flows in a capacious 
trench through the valley-fill, descending from 400 feet above sea level 
at Eugene to about 110 feet at Salem, and to 45 feet above sea level 
at Newberg, where backwater from a dam at Oregon City is reached. 
At Oregon City the river descends over Willamette Falls and Clackamas 
Rapids to sea level. Thence for 25 miles to its junction with Columbia 
River it is slightly drowned. 

The sides of the valley are bordered by projecting spurs and low 
residuals or foothills. In addition, the floor of the valley is inter- 
rupted in a few places by basalt-capped ridges which have resisted 
erosion more than the soft Eocene and Oligocene tuffaceous sand- 
stones and shales out of which most of the valley had been eroded 
before the valley-fill was made. The principal interruptions of this 
sort are (1) the Eola Hills extending in a general north-south direction 
a distance of about 30 miles near Salem, (2) Nehalem Mountain, 
north of Newberg, separating Tualatin River valley from the main 
part of Willamette Valley, and (3) the ridge of basalt extending along 
the west side of Portland southward beyond Oregon City. Willamette 
River passes through a water gap in the Eola Hills at Salem and 
through another, more pronounced gap at Oregon City. Tualatin River 
joins the Willamette in a subsidiary gap near Oregon City. Oswego 
Lake, at Oswego, about 5 miles north of Oregon City, occupies the 
site of another gap, otherwise abandoned. These gaps at Oregon City 
and Oswego afford the only passages to and from the main portion 
of Willamette Valley at any elevation less than 400 feet above sea 
level. Reference to these gaps will be made again in connection with 
the mode of distribution of the erratics. 
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PREVIOUS OBSERVATIONS 


The occurrence of foreign boulders in Willamette Valley has been 
known for many years. In 1896, Diller’ reported: “At various places 
along the western side of the Willamette Valley, between Forest Grove 
and Corvallis, a number of bowlders of granite and schist were ob- 
served under conditions that strongly suggest transportation by ice, 
probably in the form of icebergs, floating upon the Willamette Sound 
[of Condon].” Diller thought they had come from glaciers in the 
Cascade Range. Apparently he was not fully satisfied with this 
explanation, for in 1915 he said? that the stray boulders had been 
“more or less doubtfully attributed to ice floating in a body of water 
which Prof. Condon named Willamette Sound.” Washburne® said 
of those he saw in Yamhill County, Oregon: “Erratic boulders of 
granite, probably dropped from ice floating in the Willamette Sound, 
occur on the hillsides up to an altitude of 400 feet.” On the basis of 
a few known occurrences in Willamette Valley and a large number 
in Columbia River basin east of the Cascade Mountains, Bretz‘* 
thought to see evidence of an estuary even more extensive than Willa- 
mette Sound—an interpretation he later abandoned, at least for the 
areas east of the Cascade Mountains, in favor of a “Spokane Flood.” 
In spite of certain objections to it, the sound theory was also held by 
Smith > to be the most satisfactory explanation of the erratics. None 
of these workers or others to whom the erratics were known made any 
systematic studies of them; the present paper is, therefore, the first 
report specifically devoted to them. 


DISTRIBUTION OF THE ERRATICS 


The occurrences of erratics observed by the writer are too numerous 
to be described in detail here, but the localities are plotted in Figure 1, 
from which it may be seen that they are widely dispersed. Represent- 
ative examples are listed in Table 1. The highest elevation at which 
the erratics have been found in certainly undisturbed position is 400 


1J. S. Diller: A geological reconnaissance in northwestern Oregon, U. S. Geol. Surv., Ann. 
Rept. 17, pt. 1 (1896) p. 441-520. 

2J. S. Diller: Guidebook to the Shasta route, U. 8. Geol. Surv., Bull. 614 (1915) p. 38. 

3C. W. Washburne: Reconnaissance of the geology and oil prospects of northwestern Oregon, 
U. 8. Geol. Surv., Bull. 590 (1915) p. 81. 

4J Harlen Bretz: The late Pleistocene submergence in the Columbia Valley of Oregon and 
Washington, Jour. Geol., vol. 27 (1919) p. 489-506. 

5W. D. Smith: Geology of the Oregon Cascades, Univ. Oreg. Bull., n. s., vol. 14, no. 16 
(1917) p. 45; Discussion, Geol. Soc. Am., Bull., vol. 36 (1925) p. 203; Physiography and economic 
geography of the Willamette Valley, Univ. Oreg., Commonwealth Review, vol. 7, no. 4 (1925) p. 155. 
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Ficure 1.—Geographic distribution of glacial erratics in Willamette Valley, Oregon 


Each dot represents a square mile in which one or more erratics have been found. In all, 
249 localities are shown. 
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feet above sea level. This altitude is reached at places widely scat- 
tered from the Oregon City and Hillsboro quadrangles at the north 
to the Elmira and Eugene quadrangles at the south. No significant 
differences in their maximum elevation in different parts of the valley 
have been observed. No erratics in Willamette Valley proper are 
known lower than 100 feet above sea level, but in the NW. 14 Sec. 29, 
T. 1 N., at Portland, small fragments of granite and quartzite occur 
in silt at an altitude of 40 feet, and four roadcuts north of Portland 
in section 18, T. 2 N., R. 1 W., near Holbrook, Oregon, at altitudes 
between 35 and 75 feet, reveal bedded fine sand and silt enclosing 
small angular foreign fragments presumed to be ice-borne. 


DESCRIPTION OF THE ERRATICS 
THEIR COMPOSITION 


Many different kinds of rocks are represented among the erratics. 
They include several varieties of coarse-grained igneous rocks, ranging 
mostly from granite to granodiorite, several varieties of quartzite 
(white, pink, red, purplish; coarse and fine), slates, phyllites, schists, 
gheisses, greenstones, rhyolites, pegmatites, porphyries, basalt, dia- 
base, vein quartz, crystalline limestone, and perhaps others. Granite, 
granodiorite, quartzite, gneiss, slate, and basalt are most common. 
Wherever several pieces occur together, several kinds of rocks gene- 
rally may be found among them. 


THEIR SIZES, SHAPES, AND MARKINGS 


The largest erratic boulder seen in Willamette Valley so far, meas- 
ures 7 x 514 x 4+ feet (base concealed). It lies in the SW. 14 Sec. 31, 
T.158., R. 3 W., near Gaston, Washington County, Oregon. Other 
large ones are 5x3x2, 5x4x2+, 4x4x2+, and 8x4x1+ feet. 
At least forty of them are 3 feet or more in diameter. Smaller sizes 
are more abundant, so that with a little searching it is practicable to 
pick out from roadcuts or other exposures a number of pieces of foreign 
materials ranging in size down to small pebbles or less. These small 
pieces are best described as fragments or chips, however, rather than 


® A half dozen small ones, ranging in size up to 8 inches, lying on Judkin’s Point, Eugene, Ore., 
at an altitude of about 650 feet above sea level, are so far above any other known occurrence 
that their authenticity is doubtful. Since the point commands an excellent view over the valley 
and probably served as an Indian lookout station, it seems possible that the stones were carried 
there from lower levels by Indians, whose attention may easily have been attracted by the 
light color of the stones in somber surroundings. On the other hand, nothing in the manner of 
origin of the erratics would exclude them as spurious except that they would require an unsually 
great depth of water (as much as 500 feet); such an exception is not impossible. Others may yet 
be found at intermediate altitudes. 
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Taste 1—Representative examples of glacial erratics in Willamette Valley 


Town- | Range Section Eleva- Remarks 

ship tion 

1N.|2E. | SW. \% Sec. 35 | 275 Striated cobble of quartzite found 
15 in. below the surface 

1N.|1E. | NW. \% Sec. 27 | 150 Several small boulders in wavy- 
bedded silt 

2N. | 2 W. | NW. X% Sec. 31 | 375 Several pieces of gneiss and quart- 
zite ranging up to 4-inch size, 
associated with thin mantle of 
gray silt, traceable to altitude of 
400 feet. Above that level the 
soil is residual and featured by 
small red shot-like concretionary 
pellets. 

18. |1E. | SE. \ Sec. 21 | 400 Two-inch and six-inch pieces of 
granite, 6 ft. deep in cut in silt 

18. | 4 W. | SE. Sec. 25 | 250 Several pieces 

28S. |3 W. | NE. \% Sec.12 | 175- | Near Laurel; several dozen boulders 

225 of many kinds of rock, but mostly 
granite 

28S. |1W. | E. Sec. 10 | 350 Several small fragments scattered in 
silty clay overlying weathered 
basalt 

38. |1E. | NW. \% Sec. 26 | 190 Granite boulder dug out of sand in 
basement pit; well nearby drilled 
165 feet deep in sand 

3S. |1E. | SE. \% Sec.36 | 275- | Twenty boulders and a large num- 

325 ber of smaller sizes 

38. | 1 W. | SW. Sec. 33 | 190 Angular block of quartzite, 344x 
14x 1 ft. 

48. |1E. | NE. \ Sec. 3 | 160 Boulder of granite found among 
dozens of basalt boulders in base- 
ment pit; strong currents indi- 
cated 

48. |S. Sec. 12 | 175 Small pieces near top of sand beds 
at Aurora 

48. |3 W. | NE. \% Sec. 9 | 170 Fragments up to 6-inch size, as 
much as 6 feet below the surface 

48. |5 W. | SE. % Sec. 24 | 200 Several boulders along the road 

58. | 2 W. | SE. Sec. 31 | 180 Three-foot granite boulder 

58. |3 W. | NW. \% Sec. 30 | 250 A dozen or more, 2 to 4 ft. in 
diameter 

5S. | 4 W. | SE. Sec. 13 | 210 Small fragments so abundant in silt 
matrix the mass resembles till 
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Town- | Range Section Eleva- Remarks 
ship tion 


6S. | 5 W. | NW. \% Sec. 30 | 300— | Several pieces, up to 114 ft. in size, 
325 on weathered sediments 
78. |1W. | NW. \% Sec. 3 | 250 Small fragments on weathered 


basalt 
78. |4W. | NE. \&% Sec. 8 | 225- | Several of granite, quartzite, por- 
300 phyry 


78. | 4 W. | SW. Sec. 10 | 290 Quartzite block, 8x4x1+ft., and 
other small erratics 

78 18 W. Sec. 15 | 300 More than a score of boulders of 
granite, basalt, granodiorite, on 
terrace of deeply weathered 
gravels 

8S. |}4W. |S. % Sec. 31 | 275 Variety of cobbles and small boul- 
ders scattered over sandstone hill 
8S. |5 W. | NE. \% Sec. 25 | 200 Granite, 2x3 x 5 feet 

98. |3 W. | NE. \&% Sec. 22 | 275- | Granite boulders, up to 3 ft. in 
300 size 

98S. |4W. | NW. 4% Sec. 7 | 340 Small fragments on weathered ma- 
rine Tertiary sediments 

10 S. | 1 W. | NW. \% Sec. 22 | 350 Three-foot granite boulder originally 
buried in silt 

108. | 2 W. | SE. \% Sec. 18 | 255 A 4-foot and a 3-foot boulder of 
granite, and several small pieces 
nearby; on Santiam River gravel 


fan 
10S. | 2 W. | NW. &% See. 26 | 325- | Several pieces of several kinds of 
350 rocks 
10S. | 4 W. Sec. 16 | 200- | Numerous, and of several kinds 
225 
10S. | 4 W. | NW. \% Sec. 36 | 300 Several granite boulders, one 5 x 3 x 
2 ft. 


118. | 5 W. | SW. \% Sec. 13 | 300 Boulders of slate; variety of small 
pieces in roadcut nearby, at alti- 
tude of 230 feet 

128. |2W. | N. % Sec. 12 | 375 Eleven boulders of granite within 
radius of 25 ft., largest 4x5x2 
+ft. 

12S. | 3 W. | SW. \% Sec. 13 | 295 Several pieces of gneiss, largest 3 ft., 
probably broken from a single 
mass. Scaling parallel to struc- 
ture, but not to depths of more 
than an inch 
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Town- | Range Section Eleva- Remarks 
ship tion 


12S. | 3 W. | SE. % Sec. 14 | 285 Flat slab of pyritic quartzite, 214 x 
2x1 ft., with square edges; 
pyrite partly altered to limonite. 
12S. | 5 W. | NE. \% Sec. 7 | 300 A number of pieces up to 2-foot size 
13 S. | 4 W. | E. side, Sec. 16 | 250 Limestone, 3 x 2 x 1) ft., somewha 
fluted and pitted by solution 
W. | S. side, Sec. 11 | 310 Seventeen pieces of granite and 
gneiss, 1 to 3 feet in diameter, and 
25 smaller pieces, partly broken 
in handling, dumped in swale 
from a field. One weathered to 
depth of 2 inches 
Three boulders 


158. | 4 


15S. | 5 W. | NE. \% Sec. 9 


325- 
350 
15S. | 5 W. | NW. \% Sec. 33 | 340 Granite-gneiss streaked with horn- 
blendic inclusions 

400 Eight-inch striated quartzite 

400 Several 2-foot boulders of granite 
and baselt, notably angular and 
fresh 


178. | 5 W. | NE. \% Sec. 2 
178. |5 W. | SE. % Sec. 2 


as pebbles, for they are characteristically angular, not rounded. A 
number of them are shown in Plate 49. Nevertheless, some pebbles 
are well rounded. Those of the cobble sizes are generally roundish, 
but some are angular. Boulders are of various shapes, but sharp edges, 
sharp corners, and plane surfaces, probably inherited from joints, are 
not uncommon. Striae, grooves, and faceted surfaces were seen on 
several quartzite cobbles and boulders. Some of these markings are 
shown in figure 1 of Plate 50. A 3-foot angular block of quartzite, 
found in the SW. 14 Sec. 21, T. 15 S., R. 5 W., in Lane County, at an 
altitude of 325 feet, bears numerous striations on two sides, parts of 
which are shown in figure 1 of Plate 50. A 2-foot granite boulder, 
lying in NW. 4 Sec. 4, T. 4S., R. 2 W., also bears striae. 


THEIR NUMBER 


No less than 300 occurrences in the 249 different sections plotted in 
Figure 1 have been recorded, and the list is still growing. At most 
of these localities a half dozen or more pieces were seen. They seem 
to occur in groups or clumps. Where there is one, usually others may 
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GROUP OF SMALL ERRATIC FRAGMENTS 
Note the frequency of angular shapes even in the pebble sizes, and the lack of weathering 
shown by most of the pieces. The piece of mica schist just above the middle of the 6-inch (i5 
centimeter) ruler splits freely. The two pieces of limestone in the upper right hand corner are 
pitted by solution; otherwise, most of the pieces are well preserved. The four sub-groups at 
the bottom are separate collections from four different places; the others are a mixed set from 
several localities. All pieces are shown whole, as gathered. 
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Figure 1. GwLactaL STRIAE AND GROOVES ON WILLAMETTE VALLEY ERRATICS 
The specimen in the lower right hand corner is entire; the grooved one to the left of it (crossed 
by two white veinlets) is chipped only in front; the others were broken from an angular block 
of quartzite in southwest quarter, Section 21, Township 15 South, Range 5 West. 


Figure 2. WEATHERED ERRATIC IMBEDDED IN SILT 
This small granite erratic, thirteen feet below the surface, was sufficiently disintegrated to be 
cut with a spade. Obscure laminations in the surrounding silt are curved downward beneath the 
erratic but become horizontal again about two feet above it. Northeast quarter, Section 9, 
Township 4 South, Range 3 West, 175 feet above sea level. 


ERRATICS 


DESCRIPTION OF THE ERRATICS 623 


be found nearby. In the SE. 4 SE. % Sec. 36, T. 38, R.1E,, 
Clackamas County, 70 small pieces had been thrown off a field of a 
few acres, and at least 25 boulders occur in Sec. 15, T. 7S., R. 5 W,, 
near Dallas, in Polk County. Counting only the boulder sizes, the 
erratics number hundreds; including the pebble and cobble sizes, the 
total is probably many thousands. That they have been passed over 
heretofore without much notice is, therefore, surprising. 


THEIR STRATIGRAPHIC RELATIONS 


Erratics in Willamette Valley lie on Eocene and Oligocene marine 
sediments, on Columbia River basalt, on old gravel terraces bordering 
the valley, on younger gravel fans, and on the general valley-fill. They 
are particularly abundant in the uppermost part of the fill, generally 
less than 3 feet from the surface, but some occur at deeper levels in 
the fill (PI. 50, fig. 2, and Pl. 51, fig. 2). A gravel pit in NW. 144 NW. 
Y, Sec. 2, T.1S., R. 2 E., in Portland, reveals foreign cobbles and boul- 
ders up to 3 feet in diameter at depths of as much as 30 feet, but 
proof is lacking that they were carried in ice. The same uncertainty 
applies to the granite boulders in gravel banks on the north side of 
Molalla River valley in Sec. 4 and 5, T.48.,R. 1 E. However, the 
inclusion of fragments of granite and quartzite in a matrix of silt at 
several localities at depths of 6 feet, and of one at a depth of 13 feet 
in NE. % Sec. 9, T. 4 8., R. 3 W. (Pl. 50, fig. 2), definitely suggests 
ice-rafting. Dozens of other exposures, revealing vertical sections 10 
to 50 feet or more thick along stream valleys or in roadcuts, especially 
in the north end of the valley, show erratic boulders only close to the 
top, and several exposures have none at all. Hence, it appears that 
the distribution of the erratics occurred, in part, during the deposition 
of the valley-fill but mainly after the valley-fill was made; whether 
this was during the late stages of only one episode of alluviation or 
partly at a later time is discussed later in this paper. 

The valley-fill and associated erratics are not confined strictly to the 
valley floor. Instead, a mantle of ash-gray to buff silt, containing er- 
ratic fragments, laps up on the walls in decreasing thicknesses to an 
elevation of about 400 feet above sea level. This silt is the analogue 
of the “pebbly silts” described by Bretz* and the writer * in certain 


7™J Harlen Bretz: Valley deposits immediately east of the channeled scabland, Jour. Geol., vol. 37 
(1929) p. 398-427, 505-541; Valley deposits immediately west of the channeled scabland, Jour. Geol., 
vol. 38 (1930) p. 385-422. 

8TIra 8. Allison: New version of the Spokane flood, Geol. Soc. Am., Bull., vol. 44 (1933) 
p. 675-722. 
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valleys tributary to Columbia River east of the Cascade Mountains. 
Their gray to buff color stands in vivid contrast with the bright red, 
brown, or yellow colors of the weathered portions of the older rocks 
underlying the silt, for the semi-lateritic buried soil zones in places 
are 10 to 20 feet thick, as shown in Plate 51, figure 1. The erratics 
and these silts, recording high water levels, clearly are contempora- 
neous; in fact, the silt might be classified with the erratics as being 
foreign. These silts consist of angular grains or shreds of quartz, feld- 
spars, micas, and a variety of other minerals and of fragments of 
granite, quartzite, basalt, and other rocks. 


ORIGIN OF THE ERRATICS 
THEIR SOURCE 


Granites, quartzites, and gneisses in place are wholly foreign to the 
Willamette drainage basin and to the Cascade Mountains of Oregon, 
so that some outside source is indicated. The mountains of southwest- 
ern Oregon or the Blue Mountains of eastern Oregon might furnish 
a few of the rock types, but not the variety needed—both areas are 
short of quartzite, for example. The Cascade Range of northern 
Washington, the Olympic Mountains of western Washington, or the 
Coast Range of British Columbia and southern Alaska, where Pleisto- 
cene glaciers reached the sea and presumably yielded numerous icebergs 
capable of transporting the boulders, contain a variety of rocks and 
appear offhand to be a likely source, but the difficulties of getting the 
icebergs down the coast, into the lower Columbia River (a narrow 
estuary even if drowned), back up the river around turns and past 
obstacles, into the Willamette Valley through the only two gaps avail- 
able at Oswego and Oregon City, appear to be insurmountable. The 
fact that the rocks on the Chehalis-Cowlitz drainage divide in western 
Washington bear a deep mantle of residual soil shows that no glacier,’ 
no stream channel, nor any estuary crossed the divide in late Pleisto- 
cene time, and therefore that a possible short-cut from the Puget Sound 
basin to Columbia River was not used. 

On the other hand, numerous glacial erratics of even larger sizes are 
present along the middle reaches of Columbia River and in its tributary 
valleys between the Cascade Mountains and the limits of glaciation on 
the plateau of eastern Washington. Moreover, the variety of rocks 
and even certain peculiar rock types among the erratics appear mega- 


®°J Harlen Bretz: Glaciation of the Puget Sound region, Wash. Geol. Surv., Bull. 8 (1913) 
p. 42-43, 59. 
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scopically to be the same throughout their range in Columbia River 
basin. It is concluded, therefore, that the erratics came from the 
upper part of Columbia River basin and not from some outside source. 


THEIR DELIVERY 


The angular shapes of many of the fragments, their occurrence in 
silts, the glacial striae, and the large size of some of the boulders indi- 
cate beyond doubt that the erratics were transported in icebergs. What 
then were the circumstances which enabled Columbia River to carry 
boulder-bearing icebergs and discharge them into Willamette Valley 
and other tributaries? This question becomes particularly pertinent 
in the face of the fact that the erratics in Willamette Valley occur as 
much as 250 feet above the filling on the valley floor, in Hood River 
valley at least 125 and perhaps 275 feet, in Chenoweth Creek valley, 
near The Dalles, 500 feet, and to similarly great heights above the 
valley-fillings in Umatilla, Walla Walla, Yakima, and other valleys 
tributary to Columbia River. The explanation of these deep waters 
in these tributaries is thought to furnish the clue to the distribution of 
the icebergs and erratics. 

Bretz !° thought these deep waters were caused by the sudden release 
of an enormous volume of glacial waters at the upper edge of the Co- 
lumbia plateau in eastern Washington, forming a torrent he called the 
“Spokane Flood.” In a previous paper “ the present writer objected to 
that conception of the flood and insisted that it was a composite affair, 
repeated over an extended period of time, and that the uniformity of 
the upper limit of the flood materials from the Cascade Mountains to 
the Wallula Gateway indicated a ponding of the flood, probably by 
icejams in Columbia River Gorge. The upper limit of the erratics and 
associated silts declines from about 1100 feet above sea level near The 
Dalles, Oregon, to about 400 feet above sea level in Willamette Valley, 
or about 700 feet in 90 miles. Valley-filling in place at the time of the 
flooding cannot have extended much, if any, higher than about 700 feet 
above sea level at The Dalles and 350 feet above sea level in the gravel 
tract east of Portland, Oregon. Apparently, flood waters, thus dammed 
up in Columbia River Gorge to depths of 50 to 400 feet or more, poured 
out occasionally in sufficient volume to sweep across the Portland grav- 


10 J Harlen Bretz: Valley deposits immediately east of channeled scabland, Jour. Geol., vol. 37 
(1929) p. 393-427, 505-541; Valley deposits immediately west of channeled scabland, Jour. Geol., 
vol. 38 (1930) p. 385-422. 

Tra 8. Allison: New version of the Spokane flood, Geol. Soc. Am., Bull., vol. 44 (1933) 
p. 675-722. 
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els and to rush back into Willamette Valley through the gaps at Oswego 
and Oregon City, carrying gravel, sand, silt, and icebergs along with 
them.’ This entrance into Willamette Valley was facilitated by the 
slope, the Portland gravels adjacent to Columbia River lying mostly 
200 to 300 feet above sea level, whereas the Willamette valley floor had 
been aggraded only to about 200 feet above sea level just south of the 
Oregon City gap and to about 150 feet above sea level near McMinn- 
ville, Oregon, 25 miles farther southwest. An equally important factor 
in reversing the drainage into Willamette Valley (instead of out of it) 
and in producing unusually high backwaters probably was the presence 
of icejams (of icebergs and river-ice) in Columbia River valley below 
Portland, Oregon. Such icejams and the water-ice-mixture released 
from Columbia River Gorge would impede the drainage and divert it 
into the tributary basin. Willamette Valley thus would serve as a sort 
of surge-basin, analogous to the surge-tanks commonly installed on 
penstocks to offset water hammer, so that periodic failures of the ice- 
jams in Columbia River Gorge would cause repeated flooding ** suf- 
ficient to float icebergs into the valley. Glacial Columbia River would 
thus furnish both the erratics and the impetus needed to get them 
through the gaps and past other obstacles into Willamette Valley. 
Simple flooding to low or moderate depths, by the slipping of Columbia 
River waters off its graded bed into lower-lying Willamette Valley, 
must have occurred innumerable times during the stages of aggrada- 
tion, but since the erratics seem to occur mainly at the top of the 
valley-fill the climactic floodings must have taken place near or at the 
end of that episode of alluviation. This time would seem to correspond 
to the time of culmination and disappearance of a sheet of glacial ice 
in northeastern Washington, whose valley train is represented in part 
by the valley-filling. The failure of icejams, ice-dams, or other ob- 
structions, which temporarily held back glacial melt-waters, as in 
frontal lakes in which calving of icebergs would be common, in the 
upper part of the Columbia drainage basin, as at the head of Grand 
Coulee where glacial ice and Columbia River must have staged a see- 
saw contest for the right-of-way, may have released unusually large 
volumes of water from glacial lakes at periodic intervals during a long 


12Tra 8. Allison: Spokane flood south of Portland, Oregon (abstract), Geol. Soc. Am., Bull., 
vol. 43 (1932) p. 133-134. 

18 This conception of the flooding of Willamette Valley by backwaters from glacial Columbia 
River so differs from Condon’s theory of a Willamette Sound that in the writer’s opinion the 
term Willamette Sound is misleading and should not be used for it. Further consideration of 
Willamette Sound is deferred to another paper. According to this interpretation the valley-fill 
is of river channel, floodplain, and lacustrine origin. 
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period of time and especially during the stages of deglaciation, thus 
augmenting the annual floods along the lower reaches of the river and 
furnishing the additional volume needed to float the icebergs to high 
levels in the tributary valleys downstream. The maximum floodings 
would produce backwaters in Willamette Valley about 250 feet deep 
over the lowest part of the valley near McMinnville. If the Eugene 
occurrence be authentic, this figure would be increased to 500 feet. 


AGE OF THE ERRATICS 
ACCORDING TO DEGREE OF WEATHERING 


The undisturbed erratic boulders which lie upon the surface in Wil- 
lamette Valley are generally so fresh and firm that it is difficult to break 
off chips with a hammer. Weather stains do not penetrate them more 
than a few millimeters, and only occasionally are the outside grains of 
granitoid rocks beginning to loosen. The preservation of the integrity 
of the small fragments (other than quartzite or highly resistant rocks) 
shown in Plate 49, most of which were collected from shallow cuts 
within the zone of weathering, is particularly forceful evidence of their 
freshness. Even basalt boulders, judged to be foreign because of their 
position and association, are hard to the edge and show no exfoliation. 
On the other hand, boulders of coarse-grained rocks which have been 
buried in the ground show a tendency to disintegrate by separation of 
the grains through an outer zone 10 to 20 centimeters thick, presumably 
as a result of hydration in a moist environment, in the manner noted 
by Blackwelder.'* Boulders encountered in excavations or roadcuts or 
dug out of fields, therefore, show more advanced weathering than those 
on the surface. Thus the erratic shown in Plate 50, figure 2, was 
sufficiently disintegrated to permit cutting through it with a spade. 
The few pieces of limestone observed were corroded so that pits and 
furrows on their surfaces were as much as 2 centimeters deep (Pl. 49). 
These were the only rocks seen that appeared to have been much af- 
fected by solution. Of course, some of the erratic boulders may have 
been partly weathered before their emplacement; almost certainly some 
of those lying near the south quarter-corner, section 11, T. 15 8., R. 4 
W., which are badly jointed and disintegrating to extraordinary depths, 
must have been partly weathered previously, for others of the group 
(numbering more than a score) are fairly fresh. 


144 Eliot Blackwelder: The insolation hypothesis of rock weathering, Am. Jour. Sci., vol. 26 
(1933) p. 110; Exfoliation as a phase of rock weathering, Jour. Geol., vol. 33 (1925) p. 793-806. 
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ACCORDING TO WEATHERING OF THE MATRIX 


Possibly more significant than the weathering of the erratics them- 
selves as a criterion of age is the degree of weathering of the fine- 
grained matrix in which many of the erratics lie. Where the drainage 
is good, as along the edges of terraces, the valley-fill has weathered to 
a soil type known as the Willamette soil series. This is a brown soil 
with a yellowish-brown subsoil showing little or no evidence of illu- 
viation. The zone of oxidation extends to depths generally of 4 to 6 
feet, as shown in Plate 51, whereas the Illinoian drift of Illinois in 
well-drained areas is oxidized to depths of 10 to 25 feet.5 Accord- 
ingly, the valley-fill and, therefore, the erratics which lie in or on it, 
are probably not more than half as old as Illinoian.1* Where the 
drainage is poor, the valley-fill is weathered to a soil type known as 
the Dayton soil series, a gray soil underlain by an illuviated layer of 
compact clay 114 to 2 feet thick, which is the nearest equivalent to the 
layer of gumbotil, 3 to 4 feet thick, developed in wet areas of Illinoian 
drift in Illinois, but the process of illuviation (leaching and reprecipi- 
tation of soil colloids) is not strictly analogous to the formation of 
gumbotil by prolonged weathering of glacial drift in situ.17 Never- 
theless, the comparison is suggestive. 

Since the original deposit contains only a trace of free calcium car- 
bonate, the amount of leaching is not readily measurable, and this 
criterion of age, so useful elsewhere, is not applicable here. 


ACCORDING TO STRATIGRAPHIC CORRELATIONS 


That the Willamette Valley erratics are the same age as those along 
Columbia River east of the Cascade Mountains is reasonably certain. 
As noted in a preceding section, they are partly contemporaneous with 
the valley-fill but younger than most of it and so are linked with an 
episode of alluviation represented by the building of a glacial valley 


153M. M. Leighton and Paul MacClintock: Weathered zones on the drift-sheets of Illinois, 
Jour. Geol., vol. 38 (1930) p. 28-53. 

18 Of course, the climates and other conditions of weathering are not identical for the two 
areas. Northwestern Oregon has a mild coastal climate with rainy winters and moderately warm, 
dry summers. The mean annual temperature in Willamette Valley is about 52 degrees F. (40 
degrees in winter and 64 degrees in summer), and the annual precipitation on the lowlands is 
about 42 inches. South central Illinois, on the other hand, has greater extremes of temperature, 
and its rainfall is heaviest in spring and early summer. Its mean annual temperature is 52 to 55 
degrees F., and the annual precipitation is 36 to 41 inches (both being higher toward the south). 
Whether the slight difference in mean annual temperature and the difference in season of heaviest 
rainfall greatly affect the rate of chemical weathering is uncertain. Probably the principal 
difference lies in the effect of more frequent freezing in Illinois, where the temperature is near 
the freezing point during the greater part of the winter, whereas freezing occurs only infrequently 
and only for short periods in Willamette Valley. Nevertheless, the climates appear to be sufficiently 
alike to admit approximate comparisons of the results of weathering. 

11G. F. Kay and J. N. Pearce: The origin of gumbotil, Jour. Geol., vol. 28 (1920) p. 89-125. 
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Figure 1. OveRLyYING Dark Rep CLay 
The light-colored material in the upper half is waterlaid silt of glacial origin, overlying dark red 
clay derived by prolonged weathering of basalt, remnants of which appear at the lower left. 
This 25-foot section is in southeast quarter, Section 3, Township 4 South, Range 3 West, at an 
altitude of 200 feet, A few erratics were found in the silt nearby. A brown zone near the top 
indicates the moderate depth of oxidation of the silt since its deposition. 


Figure 2. VALLEY-FILLING IN WHICH THE Erratics Occur 
The imperfectly stratified silt and fine sand bear a brown weathered zone at the top, averaging 
six feet in thickness. The soil type is Willamette silt loam. This cut is at the edge of a terrace, 
165 feet above sea level, in southwest quarter, northeast quarter, Section 24, Township 4 
South, Range 3 West, about a mile west of St. Paul, Oregon. 
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train. The remaining question then is whether they belong to the last 
(“late Wisconsin”) or to the next to the last (Spokane) stage of glacia- 
tion in eastern Washington, or possibly to both. 

The correlation of the associated valley-fill with definite stages of 
glaciation is not complete, but the writer classifies a series of topo- 
graphically high deposits, most of them described by Bretz as “bars” 
of the Spokane Flood, as remnants of a somewhat anomalous valley 
train of Spokane age, and assigns a later, lower, and weaker stage of 
alluviation to the late Wisconsin. The erratics, both east and west of 
the Cascade Mountains, are definitely associated with the Spokane 
materials. That the distribution of the erratics might have been re- 
peated in late Wisconsin time seems a priori to be not unlikely, but the 
known facts do not indicate such an occurrence in Willamette Valley. 
Moreover, that event would practically double the depth of water re- 
quired to place the erratics in their present positions, necessitating 
still greater icejams, so, on analysis, it becomes improbable. Possibly 
two different ages are represented, but no basis is known for such a 
distinction, not even in the different degrees of weathering. The er- 
ratics at the highest elevations cannot be older, or residual from an 
earlier pre-Spokane formation, because they show the same strati- 
graphic relations, the same degree of weathering, and are associated 
with silts that show the same soil profiles as occur at the lower eleva- 
tions. So all of them are assigned to the Spokane stage. 


ACCORDING TO THEIR TOPOGRAPHIC RELATIONS 


Inasmuch as the erratics are associated with the Willamette valley- 
fill, the erosional history of the fill may give a further clue to their age. 
The amount of erosion of the fill is not great. Willamette River, in 
the stretch between Salem and Newberg, for instance, has eroded a 
young valley which varies from 1 to nearly 4 miles and averages 244 
miles in width. Thence to Oregon City this inner valley is only 14 to 
1 mile wide. Much of the fill is untouched by erosion; its dissection is 
that of early youth. This is well shown on the topographic map of the 
Mt. Angel quadrangle. Within the newly formed erosional valley of 
Willamette River and its tributaries there are what are popularly called 
“first bottom” and “second bottom” surfaces—the first subject to flood 
and the second rarely, if ever, flooded. The “second bottom” forms an 
incomplete terrace. Although partly destroyed and bearing elongate 
channels and intervening hummocks of erosional origin upon much of 
its surface, it records a stage of alluviation later than the main valley- 
fill. That it is not simply the result of erosion of the fill to a tempo- 
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rary baselevel is shown by the fact that the materials composing this 
inner terrace are notably different from those of the main fill, as they 
came wholly from within the drainage basin and not by back-wash 
from Columbia River. The soil type lying upon it is known as the 
Chehalis series, whose type area is a similar penultimate surface devel- 
oped within the valley eroded out of glacial outwash deposits of the 
Vashon glacial age in Chehalis River valley, southwest of Puget Sound, 
Washington. The type Chehalis soil is, therefore, on a surface younger 
than Vashon glaciation. If the correlation of soils in Chehalis and 
Willamette valleys is correct (as seems likely since climatic conditions 
are almost identical), then the next older land surface, the Willamette 
valley-fill, and therefore the erratics, presumably are equivalent in age 
to the Vashon glacial deposits of northwestern Washington. Regard- 
less of the accuracy of the soil correlations, the Vashon deposits and 
the Willamette valley-fill both occupy the same physiographic positions 
—the antepenultimate surface, as do the erratics in Yakima Valley, 
Walla Walla Valley, and other parts of the Columbia River basin.'® 
The Vashon drift has been considered the product of the “latest glacier 
of Puget Sound,’ ?* though a late re-advance of the ice has been dis- 
cerned in southwestern British Columbia *° and northern Washington. 
The soils and physiographic relations of the Willamette Valley thus 
furnish a connecting link which suggests the direct correlation of the 
Spokane with the Vashon glacial stage, and of the Vancouver “re-ad- 
vance” with the “late Wisconsin” of eastern Washington. 

Finally, then, we may conclude that the erratics of Willamette Val- 
ley, judged by the degree of their weathering, by the “profile of weath- 
ering” of their matrix, and by their physiographic and stratigraphic re- 
lations, are clearly not as old as the Illinoian subdivision of the 
Pleistocene, but belong to some part of the Wisconsin. To which of 
the four subdivisions recognized by Kay and Leighton™* they may 
belong may be difficult to establish, but it may be noted that the facts 
given in this paper furnish corroborative evidence for Bretz’ conclu- 
sion ** that the relative age of the Spokane glaciation is not greater 
than “Iowan or early Wisconsin.” In comparison with the glacial 


18 Ira S. Allison: New version of the Spokane flood, Geol. Soc. Am., Bull., vol. 44 (1933) p. 682. 

1° J Harlen Bretz: Glaciation of the Puget Sound region, Wash. Geol. Surv., Bull. 8 (1913) p. 17. 

2 W. A. Johnston: Pleistocene readvance of ice-sheets in the Vancouver region of British 
Columbia, with discussion by J Harlen Bretz and E. M. Burwash, Geol. Soc. Am., Bull., vol. 32 
(1921) p. 51-52. 

21G. F. Kay and M. M. Leighton: Eldoran epoch of the Pleistocene period, Geol. Soc. Am., 
Bull., vol. 44 (1933) p. 669-674. 

22 J Harlen Bretz: The age of the Spokane glaciation, Am. Jour. Sci., 5th ser., vol. 8 (1924) 
p. 336-340. 
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drift of California, the Willamette Valley erratics are certainly less 
weathered and therefore not as old as the Sherwin stage described by 
Blackwelder,?* nor the El Portal described by Matthes.** The re- 
semblance of the strong Tahoe and weak Tioga stages of California 
to two similar stages of glaciation of post-Illinoian age in the Pacific 
Northwest also suggests their probable equivalence. 


23 Eliot Blackwelder: Pleist laciation in the Sierra Nevada and Basin ranges, Geol. Soc. 


Am., Bull., vol. 42 (1931) p. 865-922. 
2% F, E. Matthes: Geologic history of the Yosemite Valley, U. S. Geol. Surv., Prof. Pap. 160 


(1930) p. 61-73, 80-84. 
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INTRODUCTION 
LOCATION AND SCENERY OF THE FIORD-LAND 


Between the forty-ninth and fifty-ninth parallels the mountainous 
western margin of North America meets the Pacific Ocean in a deeply 
indented, island-studded coast ranking with the grandest fiord-coasts 
of the world in the character and magnitude of its physical features. 
From the Strait of Juan de Fuca, separating the northwestern extrem- 
ity of the State of Washington from Vancouver Island, to Cross Sound, 
dividing the Alexander Archipelago from the Alaskan mainland, the 
contrast between the elaborate fretwork of the coastland of British 
Columbia and southeastern Alaska and the simple sweep of the coasts 
to the south and to the northwest is already apparent on a world-map. 
To the traveler entering the “Inside Passage” to Alaska the change of 
scene is profoundly impressive: from the heaving wind-swept ocean 
he is carried into quiet protected waters bounded on the landward side 
by a steep, boldly sculptured and much indented mountain wall, and 
on the seaward side by hardly less precipitous islands, great and small, 
and so numerous and closely set that only rarely does he glimpse the 
open sea. 

From Puget Sound at the southern end of the fiord-land, to the head 
of Lynn Canal at the northern end, a distance of 900 miles, the north- 
bound vessel threads its way as closely as possible to the mainland shore, 
sometimes entering relatively wide basins, but for the most part fol- 
lowing narrow longitudinal passages, some of which are almost as 
straight as artificial canals. In the course of this voyage there is little 
essential change of scenery. On either side the view is limited by the 
immediate mountain slopes, frequently broken by steep-sided trans- 
verse valleys and fiords briefly revealing the higher mountainous in- 
teriors of the inner mainland and the larger off-shore islands. Ahead 
and astern the steep slopes of the land plunge into the deep tide-water 
channels with a regularity of general form which would be wearisome 
if one failed to observe the significant minor variations of profile. 

But in traversing ten degrees of latitude perceptible physical 
changes are encountered. The snow-line descends from about 6,000 
feet in southern British Columbia to about half of that height in south- 
eastern Alaska. Glaciers, small in size and confined to the highest 
mountain slopes in the British Columbian coastland, reach farther 
down in the higher latitudes until, as in Taku Inlet (lat. 58°), they 
enter tidewater as full-bodied ice-streams. The upper limit of tim- 
ber declines from about 5000 feet in the south to about 3000 feet in 
the north, and concurrently the forest-mantle becomes less dense, so 
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that in British Columbia only the gross forms of the fiord-walls are 
generally visible, whereas in Alaska the rock-structure and the finer 
sculptural details are more extensively revealed. Thus, the north- 
ward passage is accompanied by an increase in scenic interest which 
serves to relieve the essential uniformity of the land-forms. 


DESCRIPTIVE MATERIALS AND PHYSIOGRAPHIC WRITINGS 


Of the 900-mile stretch of the Pacific fiord-land of North America 
the more southerly two-thirds, from the Strait of Juan de Fuca to 
Dixon Entrance, forms the seaboard of British Columbia; the re- 
mainder, from Dixon Entrance to Cross Sound, constitutes southeast- 
ern Alaska. The existing knowledge of the physical character of these 
differently owned parts of the fiord-land is somewhat unequal, and 
there is little co-ordination in the available descriptions and explana- 
tions which refer almost exclusively either to the Canadian or to the 
United States territories. The Alaskan portion of the fiord-land, with 
its magnificent display of tide-water glaciers, has been surveyed in con- 
siderable detail by the topographical, hydrographical, and geological 
services of the United States government; the same region has also at- 
tracted numerous scientific parties and individuals in whose memoirs 
the physical geography has been adequately described and discussed. 
Some of the more important treatments are by Nordenskjéld, Brooks, 
Gilbert, Martin and Williams, and Buddington. The Canadian por- 
tion of the seaboard, on the other hand, has been relatively neglected: 
the cartography is less advanced, and the comparatively few descrip- 
tions and discussions of the form of the land and the waterways are, 
for the most part, brief introductory statements in geological memoirs 
on limited sectors of the coastland. 

The basic facts of the geomorphology of the coastland are contained 
in the sailing charts, which give the plan of the waterways and, by 
means of soundings and spot-levels, the form of the land underlying 
and adjoining the channels. Following the magnificent exploratory 
survey of Vancouver in 1792-1794, the British Admiralty and more 
recently the United States Coast and Geodetic Survey and the Cana- 
dian Hydrographic Service have continued the survey of the coastal 
waters and have issued many charts on various scales covering the en- 
tire fiord-coast. The charts vary greatly in accuracy and detail; the 
Alaskan and modern Canadian charts are excellent, but the greater 
part of the British Columbia coast is still provided only with inade- 
quate charts, representing surveys made in the middle of the last cen- 
tury. A good general view of the entire fiord-coast is given by the 
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consecutive charts 7002 and 8002 of the United States Coast and Geo- 
detic Survey; these charts, based on the best available sources, cover 
the coast from latitude 48° to 60° on an average meridional scale of 
about 15 nautical miles to 1 inch. Larger-scale charts of all portions 
of the coast are listed in the current catalogues of the hydrographic 
services mentioned above. 

The physical and geological maps of the fiord-land are, for the most 
part, based on the nautical charts. A convenient map in one sheet, 
showing the drainage of the fiord-land, is the map of British Columbia 
issued by the Department of Lands (Victoria), 3114 miles to 1 inch 
(1923). Contouring has been carried out only to a very limited ex- 
tent in the British Columbian coastland. The two Department of 
Lands sheets, “British Columbia, Southwestern Districts,” 8 miles 
to 1 inch (1925), and “Central British Columbia,” 16 miles to 1 inch 
(1929), cover the entire British Columbian coastland and show the 
available contouring up to the dates of issue, with a contour interval 
of 1000 feet. A map proposing boundaries and names for the physical 
divisions of the Canadian Cordillera, which includes the coastland, 
has been issued by the Geographic Board of Canada (1918). 

The geology of about two-thirds of the British Columbian coastland, 
from latitude 48° to 52°, including Vancouver Island, is represented 
on the “Vancouver Sheet” of the Geological Survey of Canada 
(Ottawa), 8 miles to 1 inch (1928). This map embodies geological 
surveys of the coast described in the reports of LeRoy (1908), Gra- 
ham (1909), and Bancroft (1913) and numerous surveys of parts of 
Vancouver Island by Clapp (1912) and others. The coast from lati- 
tude 52° to the Portland Canal, which separates the British Columbian 
coastland from that of Alaska, is covered by the reports and maps of 
Dolmage (1922, 1923). 

The geomorphology of the coastland is but briefly treated in most 
of the Geological Survey reports on various parts of the coastland. 
Important comments and discussions are contained in the reports and 
papers of Dawson,’ Bancroft, Clapp, and Johnston. Other significant 
works are those of Dinse and Nordenskjéld, who devote some space 
to British Columbia in their fiord studies; Gregory, who gives a chapter 
on British Columbia and Alaska in his treatise on fiords; Burwash, 
who attempts a detailed analysis of the physiographic history of the 
Vancouver region; and Schofield, who draws attention to the relation 


1G. M. Dawson: On the later physiographical geology of the Rocky Mountains in Canada, 
Roy. Soc. Canada, Tr., vol. 8, pt. 4 (1890) p. 3-74; Report on the area of the Kamloops map-sheet, 
British Columbia, Geol. Surv. Canada, Ann. Rept., vol. 7B (1896). 
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between the fissure system of British Columbia and the plan of the 
fiord system. 

In recent years the fund of available information on the geomor- 
phology of the coastland has been substantially increased by the 
results of official and commercial aerial photography. Although no 
systematic aerial survey has yet been undertaken in the British Colum- 
bia coastland, there exists a collection of scattered aerial obliques 
taken by the Royal Canadian Air Force and filed in the Department 
of National Defence (Ottawa) and in the Department of Lands 
(Victoria). The recent work of the Hydrographic Service in British 
Columbia has also included: a scheme of vertical aerial photography, 
the results of which will now be available. Finally, Canadian Airways 
Limited (Western Branch, Vancouver) has a collection of technically 
excellent aerial obliques from the coast of British Columbia. Although 
they represent but a small portion of the fiord-land, the aerial views 
from the above sources are valuable in giving the exact form of some 
of the typical and oft-repeated physical features of the region. 


PLAN OF THE PRESENT STUDY 


While there is a considerable body of information on the geomor- 
phology of the coastland of British Columbia in the maps and photo- 
graphs referred to in the preceding section, the available descriptions 
and discussions give an inadequate picture of the magnificent physical 
features of the region and an insufficient treatment of the important 
general problems to which a consideration of these features inevitably 
leads. The present paper essays a more adequate treatment. With 
the aid of the available descriptive materials, together with observa- 
tions obtained on a series of excursions in 1930, 1931, and 1932, covering 
the mainland coast from Puget Sound to Lynn Canal and also the 
outer coast of Vancouver Island, an attempt will be made to give general 
systematic description of the geomorphology of the coastland and to 
trace its development. Both description and discussion will direct 
attention particularly to the most striking feature of the coastland, 
namely the fiord system; but it is recognized that the fiord system 
can be properly portrayed only in its setting in the mountainous con- 
tinental margin, and that its development can be fully understood 
only as the logical result of the structure of the region and its history 
from the time it first became a permanent land area. 

Because of the geographic unity of the fiord-lands of British Co- 
lumbia and southeastern Alaska, both regions are necessarily included 
in a consideration of the general plan of the coastland. Further 
description is confined, however, to the relatively neglected Canadian 
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seaboard. In considering the origin of the present physiography, 
Alaska, and some of the valuable conclusions which have been reached 
in that region, will again be taken into account. 

The present study involves several debated fundamental problems 
which are best discussed when all the evidence has been assembled; 
therefore, although the modern tendency in geomorphology is toward 
explanatory description, it has been found desirable to keep description 
and explanation apart as far as possible and to avoid terms that imply 
a mode of origin which is not beyond dispute. Thus, “summit-level 
surface” is used where “peneplane” or “peneplain” would be used by 
some writers; “dissected plateau” is used in the descriptive sense; 
“valley belt” is used instead of “downfold” or “sunkland,” although 
such terms may prove applicable when the origin of the depressed belt 
has been discussed; the hollows occupied by fiords are described as 
“troughs” rather than “glacial troughs”; and reticulated or cranked 
valleys are described as such rather than as “joint valleys,” since their 
connection with jointing, although evident, is not axiomatic. 

While the description is empirical insofar as it relates to forms of 
debatable origin, it is otherwise conventional and systematic and 
carefully arranged in the manner which seems best suited for the 
ensuing discussion. In view of the vast size of the area concerned, 
detailed local description has been wholly avoided; throughout, an 
effort has been made to discern the significant general features and 
present them without predisposition to one explanation of origin or 
another. 

In the course of this study the author has received valuable general 
and specific assistance from various sources. For helpful general dis- 
cussions he is indebted to Dean R. W. Brock, of the University of 
British Columbia; Dr. W. H. Collins, Director of the Geological 
Survey of Canada; Dr. Victor Dolmage, who has spent a number 
of field seasons on the coast in the service of the Survey; Capt. H. D. 
Parizeau, in charge of hydrography in British Columbian waters; 
Dr. S. J. Schofield, who has had long field experience in British 
Columbia; and Mr. W. A. Johnston, who prepared the official report 
on the Vancouver region. Mr. D. W. Hodsdon furnished exact topo- 
graphic information on the vicinity of Ocean Falls and Link Lake. 
Finally, the Surveyor General at Victoria and the Canadian Airways 
Limited (Western Branch), Vancouver, courteously permitted the 
writer to examine their collections of aerial photographs and to 
prepare drawings from selected prints to illustrate this paper. 
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DESCRIPTION OF THE FIORD-LAND 
GENERAL PLAN ‘OF THE COASTLAND 

The western part of the North American continent is formed by 
the Cordilleran Region, a vast mountainous tract extending from 
Mexico to Alaska. Bounded on the east throughout the greater part 
of its length by the Interior 
Plains, and on the west by - ey 
the Pacific Ocean, the Cor- 
dilleran Region has a length 
of 4500 miles and an average 
width of about 500 miles. 
The region divides naturally 
into three subparallel belts, 
each of which can be traced 
without important interrup- 
tions throughout its entire 
length: the Eastern, or 
Rocky Mountain, Belt; the 
Central, or Plateau, Belt; 
and the Western, or Pacific 
Mountain, Belt. 

The sketch-map (Fig. 2) 
shows the general trend of 
the main lines of high relief 
in the northwestern United 
States, western Canada, and 
Alaska. The most easterly 
line represents the trend of 
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Plateau Belt includes many — western belts and the position of the fiord-land. 


ranges extended with the 
general cordilleran trend, but these cannot be fairly represented by a 
single trend line. 

The main cordilleran trend lines are notably and variously curved 
in plan, and the curved plan resolves rather definitely, especially in 
the case of the Pacific Mountain Belt, into a series of gently curved 
ares swinging toward the Pacific, connected by abrupt inflections or 
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rounded cusps heading inland. Thus, a salient are stretches from the 
head of the Gulf of California to the Strait of Juan de Fuca; here 
the Pacific Mountains are sharply deflected to the west to form a 
pronounced cusp from which a second are swings oceanward to a 
less definite cusp in the vicinity of Yakutat Bay. From here the trend 
lines suggest a third are extending to about Prince William Sound, 
where a strong bend marks the beginning of a great smooth arc 
extending along the Alaskan Peninsula and the Aleutian Islands. The 
trend line of the Rocky Mountain Belt shows the arc and cusp arrange- 
ment only vaguely; nevertheless, it shows a general sympathy with 
the trend lines of the Pacific Mountain Belt, which is probably not 
accidental. 

British Columbia and southeastern Alaska occupy the Cordilleran 
Region between 49° and 60° north latitude, which is approximately 
the extent of the second of the main ares distinguished above. Since 
the inland extensions of the largest transverse fiords completely tra- 
verse the Pacific Mountain Belt, the coastland, taken as the geographic 
setting of the fiord system, is essentially co-extensive with a single arc 
of the Pacific Mountain Belt, curved toward the ocean and limited 
at both ends by more or less definite inflections of trend. 

The coastland, as defined above, divides into two orographic 
elements, the Coast Range? forming the mainland, and the Island 
Ranges comprising the mountains of Vancouver Island, the Queen 
Charlotte Islands, and the outer islands of the Alexander Archipelago. 
These two orographic elements are separated by a continuous depres- 
sion, giving a sheltered seaway from Seattle on Puget Sound to Skagway 
at the head of Lynn Canal in Alaska. In its general structure the 
British Columbian and southeastern Alaskan arc of the Pacific Moun- 
tain Belt is thus homologous with the are of the northwestern United 
States, which is composed of the Sierra-Cascade Range on the east 
and the Coast Ranges on the west, separated through a great extent 
of the arc by consecutive, wide, low valleys. North of Cross Sound 


2 From the point of view of systematic geomorphology it is unfortunate that the name “Coast 
Range” is now attached to the mainland range north of the International Boundary, and thus to 
the eastern element of the Pacific Mountain Belt, while south of the boundary the Coast Ranges 
constitute the western element. The discordance could still be removed by reverting to the 
name “Cascade Range” which was applied to the mainland range in western Canada on some 
early maps and used by G. M. Dawson in his earlier writings. The main objection to this sug- 
gestion would be that the mainland range of British Columbia differs from the Cascade Range 
of Washington and Oregon in structure and tectonic history; but equally different ranges, namely 
the Sierra Nevada and the Cascade Range, have already been unified usefully by some physi- 
ographers, and furthermore there is a considerable weight of opinion in favor of the view that 
mountain ranges are, after all, best correlated on the basis of the last period of deformation or 
uplift which substantially affected their growth. 
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in southeastern Alaska the division between the two orographic ele- 
ments of the Pacific Mountain Belt is indefinite; but in the vicinity 
of the 150th meridian the depression is again clearly marked by Cook 
Inlet and Shelikof Strait, separating the mountains of Kenai Penin- 
sula and Kodiak Island from the Alaskan Range and its continuation 
in the Alaskan Peninsula. 

The nomenclature of the Geographic Board of Canada (1918) divides 
the Cordilleran Region successively into belts, systems, mountains or 
plateaus, and ranges, groups or plateaus. The primary three-part 
division of the Western Belt is recognized, but the use of Pacific 
System to denote the mainland mountains of British Columbia will 
not stand logical application beyond the limits of the province. For 
this reason, and because the present study demands a physiographic 
division which admits negative elements, such as the depression sepa- 
rating the large outer islands from the mainland, on an equal footing 
with the positive elements, the following modified division of the 
coastland will be adopted. The regions recognized and the names 
proposed are largely in accord with current usage, and the divisions 
find their natura! continuations south of the 49th parallel. 


Physical Divisions of the Cordilleran Region in British Columbia and 
southeastern Alaska 


(1) Eastern, or Rocky Mountain, Belt 
(2) Central, or Plateau, Belt 
(3) Western, or Pacific Mountain, Belt 
(a) Mainland, Coast, or Cascade Range (c) Island Ranges 


Mainland Vancouver Range 

Island Fringe Queen Charlotte Range 
(b) Intermont Valley Belt Alexander Range 

Georgia Basin (d) Continental Margin 

Hecate Basin Continental Shelf 

Alexander Basin Continental Slope 


The map (Fig. 1) shows the coastland divided according to the 
above scheme. It is not practicable to give the many place names 
referred to in the text. By means of the approximate latitudes given, 
the names referred to may be readily found by reference to one of 
the maps already cited. 

The coastland is composed of elongated subparallel physiographic 
elements, extended with the coastline and the trend of the mountains 
in a general southeast-northwest direction. Viewed broadly the coast 
thus belongs to the longitudinal coast-type of von Richthofen or the 
Pacific coast-type of Suess. The mainland coast, however, follows 
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the margin of a mountain range which, as we shall see later, has the 
character of a dissected plateau. Such a coast is best classed, 
following Gregory,* as a “Secondary Pacific or Sub-Pacific Coast .. . 
due to the subsidence of basins on the inner side of mountain chains 
along coast of Primary Pacific Type.” In general plan the coastland 
is crescent-shaped and convex toward the Pacific, like the majority 


Figure 4.—Looking north-northwest along Graham Reach 


This longitudinal passage, half to three-quarters of a mile wide, separates Princess Royal 
Island from the mainland (latitude 53°). The closely. dissected highland has a general elevation 
of about 3000 feet, and the channel is 900 feet deep near the middle of the picture. (After an 
aerial oblique by Canadian Airways Limited.) 


of the circum-Pacific lineaments. Within this general crescent shape 
the mainland coast resolves into a series of variously curved reaches, 
likewise convex toward the ocean, giving a scalloped geographic design, 
which is repeated in the curved lineaments of Vancouver Island and 
the Queen Charlotte Islands. 

A true-scale topographic section along a line from near Kamloops 
in the Central Belt, across the entire coastland to the continental 
slope in the vicinity of latitude 49°, is given in Figure 3. Although 
only approximate, due to incompleteness of data, and largely sche- 


8J. W. Gregory: The nature and origin of fiords. London (1913) p. 41. 


SZ 
=. 
| 

\ 

) 


644 M. A. PEACOCK——FIORD-LAND OF BRITISH COLUMBIA 


matic in the Coast, or Cascade, Range, the section is of interest in 
giving the general relief characteristics of a typical section of the 
coastland without the conventional exaggeration of vertical scale. 


MAINLAND, COAST, OR CASCADE, RANGE 


The principal physiographic element of the coastland is the Coast 
Range, to use the current designation, or Cascade Range, if we revert 
to the older and, on systematic grounds, preferable term. From the 


Ficure 5.—Looking northwest up the valley of Squamish River from upper Squamish 


Canyon-like fiord valley with truncated spurs, lateral hanging valleys, and a deep filling of 
alluvium. Residual ridges show a striking accordance of summit-level. (After an aerial oblique 
by the Royal Canadian Air Force.) 


great breach of the Fraser River the Coast, or Cascade, Range extends 
northwestward through British Columbia and southeastern Alaska 
as far as the 60th parallel, beyond which it can be traced for some 
distance into Yukon territory. On the northeast side the range is 
bounded by the plateaus of the Central Belt, and on the southwest 
by the submerged depression of the Intermont Valley Belt. From the 
southwest side the range presents an abrupt front that rises, in most 
places, well above the level of the fringing islands. From the interior 
the range also appears to rise as a prominent wall; but when the 
slope of this wall is viewed longitudinally it is generally moderate, 
except where the junction is marked by a longitudinal river valley or 
elongated lake strongly emphasizing the boundary line. 
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The Coast, or Cascade, Range is built of vast masses of plutonic 
rocks, mainly quartz-diorite, that invaded a heavy cover of sedi- 
mentary and volcanic rocks in late Jurassic and early Cretaceous 
times. The plutonic rocks are now largely denuded of their cover 
and deeply dissected. Remnants of the cover, probably occupying 
less than 10 per cent of the area of the range, now occur as elongated 
masses flanking the range, especially on the northeast side, and included 


Figure 6.—Link Lake 


Looking south along an oblique fiord lake (latitude 52°) draining into Cousin’s Inlet. (Compare 
with Figure 23.) The region is one of strikingly similar pyramidal residuals all close to 4000 feet 
in height. Observe Martin Lake in a rock basin hanging about 800 feet above Link Lake. (After 
an aerial oblique by Canadian Airways Limited.) 


within it. In size these remnants of pre-batholithic rocks range from 
small inclusions to masses of mountainous dimensions forming some 
of the highest peaks of the range. 

From near sea level a view of the Mainland Range is restricted by 
the nearest mountains, and an impression of great ruggedness and con- 
siderable irregularity is gained; but from a higher mountain top, or 
from the air at a height of 8000 to 10,000 feet, the prospect extends over 
countless, close-set, snow-capped ridges and summits merging at no 
great distance into a general level that extends as far as the eye can 
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reach.* The range thus appears as a vast dissected plateau. Restor- 
ing this plateau by drawing a surface through the present peaks, the 
range would appear as a tabular mass, 1000 miles long, 100 miles wide, 
and, on the average, one and one-half miles above sea level. 

A general idea of the form of the restored plateau surface can be ob- 
tained from a number of summit-level sections along well-distributed 
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Ficure 7.—Summit-level surface of the Mainland Range 
Transverse sections along the lines 1, 2, 3, 4, 5, on the map (Figure 1). Vertical arrows 
represent known mountain heights on a vertical scale which is 3.6 times the horizontal scale. 


lines across the range. Figure 7 gives such a series of sections, in which 
the vertical arrows represent the heights of mountains lying on or near 
the lines of section numbered 1 to 5 on the map (Fig. 1) with a vertical 
exaggeration of 3.6 times the horizontal scale. The curved broken 
lines are thus sections of the summit-level surface. On the landward 
side the curved lines are drawn to join smoothly with the lower levels 
of the adjoining Central Belt, in accordance with the general appear- 
ance of the actual junction. On the seaward side the summit-level of 
the range is stepped down to meet the irregular and generally notably 

“This summit accordance in the Coast or Cascade Range has been observed repeatedly. 
Dawson, while resisting the idea that the range is an uplifted and dissected peneplain, described 
the view from a peak on the east side of the Fraser River as follows [G. M. Dawson: Report on 
the area of the Kamloops map-sheet, British Columbia, Geol. Surv. Canada, Ann. Rept., vol. 7 B 
(1896) p. 10B]: “‘. . . There is a very notable uniformity in the elevation of its higher points. 
It will be observed that a large number of these approximate in height to 8000 feet, while a 
few only, reach or slightly surpass 9000 feet.” Referring to the region around Link Lake (Fig. 6), 
D. W. Hodsdon, with no theory of origin in mind, wrote (personal communication): ‘When 
flying over the watershed the impression is gained that at about 4000 feet the country is level 
as a billiard table.” 
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inferior elevations of the Island Fringe; such down-stepping is sug- 
gested by the elevations given, and it is clearly apparent to the observer 
on board ship following the passages between the mainland and the 
fringing islands. 

Apart from a few very high peaks which stand well above the gen- 
eral summit-level, such as Mt. Waddington (13,260 feet), the highest 
known peak in the range, situated 25 miles northeast of the head of 
Knight Inlet (lat. 51° 30’), the majority of the measured peaks of the 
range conform to a surface with a gently arched form rising to an ill- 
defined relief axis that lies about midway between the medial line of 
the range and its northeastern margin. The average height of this 
vague axis is about 8000 feet; but followed along the trend of the range 
it changes considerably in height. Near the southeastern end of the 
range (Fig. 7, section 5) the relief axis is 9000 feet high; followed to 
the northwest the axis rises through 10,000 feet in section 4 to a maxi- 
mum of 11,000 feet in section 3. In section 2 the axis falls to 7500 feet, 
which height is approximately maintained to section 1 near the Alaskan 
boundary. Along the inland boundary between southeastern Alaska 
and British Columbia the relief axis rises to an average height of about 
8000 feet. It is noteworthy that the Mainland Range is thus highest 
where it is most closely adjoined by the Vancouver Range, lowest oppo- 
site the breach in the Island Ranges and the relatively low Queen Char- 
lotte Range, and of average or slightly less than average height oppo- 
site the Alexander Range. From this longitudinally gently warped 
relief axis the summit-level surface descends northeastward to an aver- 
age level of about 6000 feet, where it merges into the Central Belt, and 
southwestward to an average height of about 4500 feet, where it falls 
abruptly to the low irregular levels of the Island Fringe. 

The warped and tilted plateau-like summit-level surface of the 
Mainland Range is dissected by a vast valley system, so that the actual 
rugged surface is formed by the resulting ridges and mountains and the 
intervening valleys. The residuals commonly take the form of sharp 
peaks and comb ridges in the higher parts of the range, whereas the 
lower summits exhibit massive proportions and forms approaching 
simple domes, broad-sided pyramids, and obtuse-angled ridges aligned 
with the master drainage lines (Fig. 4). 

In striking contrast with the longitudinal drainage of the more re- 
cently deformed areas of the Cordilleran Region, the principal drain- 
age of the dissected plateau of the Coast, or Cascade, Range is trans- 
verse to the trend. As shown in the map (Fig. 1) the largest rivers 
flow from the Central Belt across the Mainland Range by way of deep 
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valleys forming veritable corridors through the mountains. To this 
class belong the Fraser, the Dean, the Skeena with its tributary Bulk- 
ley, the Nass, the Stikine with the confluent Iskut, and the Taku. Of 
the smaller streams draining.the range, a number rise very near the 
northeastern boundary and flow to tidewater by transverse channels. 
Examples of this type are the Homathko entering Bute Inlet (lat. 


Ficure 8.—Golden Ears (5118) between Pitt Lake and Alouette Lake 
Typical alpine residual (latitude 49° 20’) with sharp peaks and comb ridges caused by high-level 
cirque action, in the southern part of the Mainland Range. (After an aerial oblique by Canadian 
Airways Limited.) 


50° 55’), the Bella Coola flowing into the North Bentinck Arm of 
Burke Channel (lat. 50° 25’), and the Bear joining the Portland Canal 
(lat. 55° 55’). In addition to these larger streams there are many 
smaller streams that rise in the heart of the range and reach tidewater 
by short valleys of steep gradient. 

Two types of drainage are usually recognized: the dendritic, uncon- 
trolled by structure, and the trellised, developed under structural con- 
trol. The Coast Range drainage clearly belongs to the latter type. 
The water courses commonly show straight reaches and sharp elbows, 
giving reticulated patterns in which there are generally two dominant 
directions intersecting at a high angle. 

In their lower courses the largest rivers have reached base level and 
are occupied in widening their valleys. On the whole, however, the 
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drainage is in an adolescent stage, the streams being actively engaged 
in deepening their courses. While some of the largest rivers, such as 
the Fraser and the Skeena, enter the sea by way of wide valleys with 
imperceptible gradient, the great majority of the Coast Range rivers 
reach tidewater at the heads of the great fiords that will soon occupy 
our closer attention. There is no apparent relation between the size 
of a river and the size of the fiord into which it flows. Whereas Bute 
Inlet, Knight Inlet, Burke Channel, Dean Channel, and Portland Inlet 
are fed by considerable streams, other inlets of comparable size, such 
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Figure 9.— Mainland Range, from Indian Arm to Howe Sound 


True-scale east-west section (latitude 49° 24’). Observe the close accordance of the summit 
elevations and the complete similarity of the forms of the land valleys and the fiords. 


as Jervis Inlet, Rivers Inlet, Gardiner Canal, Douglas Channel, Ob- 
servatory Inlet, Portland Canal, and Lynn Canal, form the outlets of 
relatively insignificant watercourses. 
ISLAND FRINGE 

The seaward margin of the Mainland Range is riven by a maze of 
inlets and passages resulting in a fringing archipelago of thousands of 
close-set islands and peninsulas, which are grouped collectively as the 
Island Fringe. This fringe of detached and semi-detached residuals of 
the mainland varies in width from a few miles to about 50 miles, and 
it is significant that the maximum width is attained in the vicinity of 
the Queen Charlotte Islands, where the mainland itself exhibits the 
lowest summit-level. The single islands range in size from mere rocks 
and skerries to such large land masses as King Island (lat. 52° 15’, 
43 x9 miles, Fig. 11), Princess Royal Island (lat. 53°, 51x28 miles, 
Fig. 4), and Pitt Island (lat. 58° 30’, 58x12 miles). There is like- 
wise much variety in the outlines of the islands: among the larger 
islands there is a marked tendency toward rude rectangular shapes, 
which are commonly extended coastwise but in some cases transversely 
to the coastline. 
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The elevations in the fringing islands are, for the most part, much 
inferior to those of the adjoining mainland, except in the case of some 
of the larger islands such as King Island (Fig. 11) and Princess Royal 
Island (Fig. 4). The topography of the islands is correspondingly 
subdued, with smooth and rounded forms such as those illustrated in 
Figure 10. In contrast to this rule, however, there are cases of high 


Ficure 10.—Agamemnon Channel 
Looking north-northeast from the junction with Malaspina Strait (latitude 49° 40’). Typical 
passage between the low rounded forms of the Island Fringe. The land is 400 to 600 feet high 
and the channel more than 600 feet deep. (After an aerial oblique by the Royal Canadian Air 
Force.) 


steep-sided islands resembling gigantic stacks, such as Anvil Island in 
Howe Sound (lat. 49° 30’) and Stuart Island, which nearly blocks the 
entrance to Bute Inlet, one of the grandest of the fiords (lat 50° 27’). 
INTERMONT VALLEY BELT 

The belt of depressed land, separating the two subparallel members 
of the Pacific Mountain Belt and extending with few interruptions 
from the Gulf of California to Cook Inlet in Alaska, takes the form of 
a series of submerged longitudinal basins in British Columbia. Treat- 
ing this depressed tract as a physiographic region rather than as a line 
dividing mountain ranges, the tract may be named the Intermont Val- 


SS = \ 
x! 
=> 
, 
Pe 
NPP 
4 
a 
, 


DESCRIPTION OF THE FIORD-LAND 651 


ley Belt,> a name which conveys the position and character of the 
region without insisting on a mode of origin or emphasizing the acci- 
dent of submergence, which is peculiar to the belt only within the ex- 
tent of the fiord-land. 

The constituent basins of the Intermont Valley Belt in British 
Columbia are the Georgia Basin, comprising Puget Sound, the Fraser 


Ficure 11.—Labouchere Channel 


Looking north-northwest from Burke Channel (latitude 52° 20’). Typical cranked passage, 
about one mile wide, joining two transverse fiords in the dissected plateau of the Mainland Range. 
Observe the deeply recessed and ice-moulded rock spurs. (After an aerial oblique by the Royal 
Canadian Air Force.) 


River Lowland, the Strait of Georgia, and the low strip of relatively 
soft beds which form the northeast shore of the southern half of Van- 
couver Island; and the Hecate Basin comprising Queen Charlotte 
Strait, Milbanke Sound, Hecate Strait, and the low northeastern part 
of Graham Island, the northernmost of the Queen Charlotte group. 
These two basins are connected by the narrow passage of Johnstone 


SIt is desirable that this important geographic feature be given a suitable name applicable 
to the entire extent of the depression. Willis’ term ‘‘Pacific Coast Downfold’”’ (1899) insists 
unduly on downfolding as the mode of origin and is therefore better avoided. The term “Coastal 
Trench” recommended for the British Columbian part of the depression by the Geographic Board 
of Canada (1918) is also open to objection, since the feature is trench-like only in very small 
part. The suggested homology with the ‘Rocky Mountain Trench”’ is also misleading. 
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Strait. In southeastern Alaska, following Buddington®, a third basin 
may be distinguished, the Alexander Basin, comprising parts of Zam- 
breno, Kupreanof, Kuiu, Admiralty, and other islands occupied by 
low Cenozoic formations, together with the intervening waters. 
Georgia Basin reaches a maximum depth of 245 fathoms, and about 
half the area of the basin is below the 100-fathom line. The narrow 
channel connecting Georgia Basin with Hecate Basin shoals to 19 
fathoms at Seymour Narrows. The floor of the Hecate Basin is a 
nearly level plain, for the most part considerably less than 100 fathoms 
below sea level. An emergence of 600 feet would thus convert the 
British Columbian portion of the Intermont Valley Belt into a con- 
secutive pair of great valleys occupied by a few elongated lakes and 
almost completely enclosed by mountains. 


ISLAND RANGES 

Like the Coast, or Cascade, Range, the Island Ranges are built of 
ancient sediments and volcanics which were invaded by dioritic batho- 
liths in late Jurassic and early Cretaceous times, and folded on axes 
conforming to their present trend during the same period. But, un- 
like the mainland mountains, in which the exposed rocks are mostly 
igneous, the Island Ranges consist, in greater part, of the deformed 
schistose and slaty prebatholithic sedimentary and volcanic rocks. 

The Island Ranges are lower than the mainland mountains. They 
reach their greatest elevation in the central part of Vancouver Island, 
where there are some peaks exceeding 7000 feet. The Queen Char- 
lotte Range attains its greatest height in the narrow central part of 
Moresby Island, where there are several peaks of 4,000 to 4,500 feet. 
The Alexander Range of southeastern Alaska, under which name it is 
proposed to group the mountains of Prince of Wales Island, the south- 
ern part of Kuiu Island, Baranof Island, and Chichagof Island, falls 
slightly short of the Queen Charlotte Range in height. Thus, there is 
general sympathy between the mainland mountains and the off-lying 
Island Ranges, both in plan and in longitudinal variation of altitude: 
both have an arcuate plan curved toward the ocean; both are highest 
in the southeast where the Vancouver Range lies closest to the main- 
land; and both are lowest, the Island Ranges vanishing altogether, in 
the elaborately broken and deeply indented portion of the mainland 
that faces the open sea across the southern part of Hecate Basin. 


6 A. F. Buddingson and T. Chapin: Geology and mineral deposits of theastern Alaska, U. S. 
Geol. Surv., Bull. 800 (1929) p. 19. 
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Except in their higher parts, where alpine topography with serrated 
peaks and ridges is well developed, the Island Ranges show relatively 
subdued forms. Wide tracts are characterized by a rolling upland 
surface which attains an elevation of 4,000 feet in the Vancouver 
Range. Immature dissection of this surface has resulted in a topog- 


Ficure 12.—Alberni Canal, Vancouver Island 


Looking south from near Port Alberni (latitude 49° 15’). Transverse fiord, 360 feet deep 
where it swings out of view between maturely dissected residuals about 2000 feet in height. (After 
an aerial oblique by the Royal Canadian Air Force.) 


raphy composed chiefly of somewhat indefinite flat-topped residual 
mountains, but in places more advanced dissection has produced ex- 
tensive areas of lower well-rounded forms (Fig. 12). 


CONTINENTAL MARGIN 

From the highly indented outer margin of the Island Ranges the land 
extends below the sea as a gently sloping platform which reaches as 
far as the 100-fathom line, where it gives place to a much steeper slope 
leading down to the nearly level ocean floor. The outer limit of the 
Continental Shelf is thus given very closely, as it usually is, by the 
100-fathom line. The shelf ranges in width from 60 miles, off the en- 
trance to the Strait of Juan de Fuca, to about 2 miles, under the pre- 
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cipitous seaward side of Moresby Island of the Queen Charlotte group. 
Followed northward the shelf is wider and less regular, reaching a 
width of 50 miles on the northwest side of Cross Sound, the most 
northerly important indentation of the fiord-coast. 

The Continental Shelf is broken by a number of large submarine 
valleys. The Strait of Juan de Fuca is continued in a submarine val- 
ley that swings sharply around Cape Flattery and runs southwest- 
ward across the shelf, nearly at right angles to its upper course in the 
strait. This submarine valley is practically parallel-sided, and it is 
joined by a tributary valley running southeast, parallel to the coast and 
about 30 miles from it. In Queen Charlotte Sound the shelf between 
the Vancouver Range and the Queen Charlotte Range is broken by a 
wide submarine bight that heads toward a relatively low, deeply in- 
dented part of the coast. Between the Queen Charlotte Range and the 
Alexander Archipelago the shelf is embayed by the wide, parallel-sided 
depression of Dixon Entrance, which is joined by three large sub- 
marine valleys heading northward into passages of the Alexander 
Archipelago. Off the Alexander Range the shelf is traversed by sev- 
eral submarine valleys representing continuations of fiord-channels. 
It is noteworthy that these submerged valleys do not, in general, fol- 
low the directions of their respective upper parts; the submarine out- 
let of Chatham Strait, for example, turns west, whereas the main course 
of the strait is from north to south. 

Beyond the 100-fathom line the continental margin slopes down to 
1,500 fathoms on a gradient which is, in general, about ten times as 
steep as that of the shelf (Fig. 3). From the 1,500-fathom line, which 
may be taken as the outer limit of the continental slope, the depths in- 
crease very gradually to about 2000 fathoms, the prevailing ocean 
depth 500 miles from the coast. The slope is steepest off the Queen 
Charlotte Range, where it drops from 100 fathoms to 1500 fathoms in 
a distance of 8 miles, corresponding to a gradient of about 1000 feet 
per mile; the average gradient of the Continental Slope is much less, 
probably 300 to 500 feet per mile. 

FIORD SYSTEM 

General statement.—The valley system of the coastland has been 
extensively invaded by the sea, giving an intricate network of tide- 
water inlets and passages leading far into the Coast and Island ranges. 
Somewhat indiscriminately named inlets, channels, arms, passages, 
straits, sounds, canals, and reaches, these waterways, with their gen- 
erally high, steep, straight, and parallel walls, have long been recog- 
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nized as typical fiords and have frequently been cited as among the 
world’s most imposing examples of this geographic form.” 


Fiord pattern—Examined on a map, the simplest fiords are seen to 
be straight, narrow waterways. A few of the fiords are smoothly and 
gently curved, but in the majority of cases changes of course occur by 
abrupt deflections through high angles, giving a cranked plan in which 
the several reaches of the fiord conform to two dominant directions 
that are usually, but not invariably, inclined at nearly a right angle. 
A cranked fiord is often joined by straight arms and streams whose 
courses conform to the two dominant directions, producing a reticu- 
lated pattern which is repeated in the straight fiord-reaches and stream- 
courses in the vicinity; but when traced far afield a local fiord pattern 
may gradually change orientation or lose definition by the appear- 
ance of new principal directions inclined by as much as half a right 
angle to the old ones. 

Figure 13 shows the fiord pattern of the coastland, obtained by 
drawing straight lines in place of all nearly straight fiord-reaches, am- 
plified by straight lines representing nearly straight stream valleys, 
lake shores, and portions of coast. In this complex pattern two sim- 
ple two-component patterns can be distinguished: a dominant pattern 
consisting of elements arranged longitudinally and transversely to the 
trend of the coastland, giving a rudely rectangular network of vary- 
ing orientation; and a subordinate pattern composed of linear elements 
forming a second roughly rectangular pattern oriented obliquely to 
the first. Since one direction of the dominant pattern runs with +he 
grain of the coastland, the pattern may be described as concordant; : 'e 
subordinate pattern, with both its directions oblique to the grain, .' 
consequently discordant. 

Following the dominant, or concordant, pattern from the south end 
of the coastland, a striking concentric and radial arrangement of its 
longitudinal and transverse elements, respectively, is observed. This 
arrangement prevails over a sector of the coastland somewhat wider 
than that enclosed by the arc of the Vancouver Range, namely from 
about latitude 48° to latitude 52°. Within this sector the concentric 
(longitudinal) elements change progressively in trend from N. 72° W. 
in the southeast to nearly due north in the northwest, while the radial 
(transverse) elements range from N. 15° E. to nearly due east. Be- 


7 For example, Nordenskjiéld wrote: ‘‘Das Fjordgebiet, dass in der Nahe der Stadt Vancouver 
. .. beginnt . . . gehdrt zu den grossartigsten der Welt; solche Fjorde wie z. B. der Portland 
Kanal werden kaum weder an Linge noch an grossartiger oder typischer Ausbildung iibertroffen, 
und dasselbe gilt sogar schon von den siidlichsten Reprisentanten, wie z. B. Jervis Inlet’ [Otto 
Nordenskjéld: Topographisch-geologische Studien in Fiordengebieten, Geol. Inst. Univ. Upsala, 
Bull., vol. 4, pt. 2 (1900) p. 196]. 
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tween latitudes 52° and 54° the concordant pattern shows very little 
curvature: the longitudinal lines shift from N. 42° W. in the south- 
east to N. 39° W. in the northwest, and the corresponding transverse 
lines from N. 52° E. to N. 46° E. North of latitude 54° the longitudi- 
nal lines curve sensibly in general accord with the arc of the Alexan- 
der Range, from N. 54° W. at the north end of Hecate Strait to N. 49° 
W. at the north end of the fiord coast; the transverse lines in this reach 
of the coast all trend nearly N. 40° E. 

The subordinate, or discordant, pattern is represented by linear ele- 
ments that range in trend between relatively narrow limits, namely 
from N. 10° W. to N. 4° W. and from N. 78° E. to due east. These 
trends intersect the principal trends of the concordant pattern at a 
maximum angle of 45°; but due to the considerable local curvature of 
the concordant pattern the angle of intersection may be very much 
smaller. In the vicinity of latitude 52°, for example, the discordant 
pattern overlaps the strongly curved concordant pattern, with the re- 
sult that the E.—W. lines of the former nearly coincide with the radial 
lines of the latter, while the meridional lines of the discordant pattern 
cut the longitudinal lines of the concordant pattern at small angles. 
The discordant pattern is most strongly developed in the north, where 
the nearly unbroken 220-mile line of Lynn Canal—Chatham Strait de- 
fines the meridional direction. Toward the southeast the discordant 
pattern, especially the E—W. component, becomes steadily weaker; 
in the southeastern part of the coastland only a few sporadic linear 
elements have this trend. 

The fiord pattern of the coastland is, therefore, a complex pattern 
consisting of a dominant concordant system of longitudinal (concen- 
tric) and transverse (radial) lines whose mean trends are N. 50° W. 
and N. 45° E. respectively, with considerable range due to repeated 
curving of the pattern in accord with the compound curved plan of 
the coastland; and a subordinate discordant system which is strongest 
in the north and weakest in the south, and is composed of lines whose 
trends differ little from the mean directions: N. 7° W. and N. 84° E. 


Relation of the fiord pattern to structure and jointing —The physio- 
graphic pattern of the coastland is intimately connected with its struc- 
ure and jointing. This relation appears in the general coincidence of 
the trends of linear physiographic elements with those of the axes of 
folds, the strikes and contacts of geological formations, and the direc- 
tions of joints, goes, faults, dikes, mineral veins, and shear zones of 
the surrounding country. 
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Severe folding has affected the pre-batholithic rocks, which are 
found principally in the Island Ranges and on the flanks of the Main- 
land Range. The principal fold-axes trend, in general, northwest- 
ward, with considerable local sinuosity in sympathy with the composite 
erescentic plan of the coastland. This trend is the same as that of 
the longitudinal (concentric) component of the concordant pattern, 
and direct coincidence of physiographic lines with fold-axes is seen in 
the Vancouver Range, where several elongated inlets and lakes and 
many straight stream courses follow lines parallel to the smoothly 
curved main axis of the island. 

A study of the available reconnaissance geological maps of the coast- 
land reveals many fiord features strictly following the strike of the 
local formations and the linear contacts between different formations. 
A long, straight and narrow unnamed lake, running N. 60° W. parallel 
to the north shore of Queen Charlotte Strait and cutting obliquely 
across Belize Inlet, Nugent Sound, and Seymour Inlet (lat. 51° 00’), 
practically coincides with a straight contact, 26 miles in length, be- 
tween batholithic and pre-batholithic rocks. Grenville Channel, an 
unusually straight and narrow passage (lat. 53° 30’), marks a bound- 
ary between granitoid and slaty rocks along 30 miles of its typical 
longitudinal course. Seventeen miles of the length of Wark Channel 
(lat. 54° 30’) forms a similar boundary with a longitudinal trend. 

On the exposed and barren fiord-coasts of the North Atlantic, sys- 
tems of fractures and dislocations are clearly visible, and their inti- 
mate relation to the fiord patterns is readily recognized (Norway, Scot- 
land, the Faeroes, Iceland, Greenland, Labrador). The larger, nearly 
vertical master-joints are attacked by weathering, by intermittent tor- 
rents which follow the joint planes, and by ocean waves, and they are 
thus converted into great clefts which may be many miles in length, 
hundreds of feet deep, and some scores of feet in width in their upper- 
most and widest parts. For such clefts the writer has elsewhere pro- 
posed the name goe,® the most suitable form for general use of an old 
Norse word that appears in several variants in the proper names given 
to these features in the countries visited by the Norse seamen. 

On the northern Pacific coast, with its milder climate, protective 
timber-cover, and sheltering islands, fracture lines are less conspic- 


8 Orkney Islands (Scotland), goe; Sutherland (Scotland), geo; Faeroes, gjogv; Iceland, gid. 
The word is probably connected with the Norwegian and English gap, English gape, and German 
gaffen. In the Faeroes there are more than eighty goes with proper names; the longest series 
lies in a continuous, nearly straight fracture line which has a length of eighteen miles and crosses 
several islands [M. A. Peacock: Recent lines of fracture in the Faeroes in relation to the theories 
of fiord formation in northern basaltic plateaux, Geol. Soc. Glasgow, Tr., vol. 43 (1927) p. 1-26]. 
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uous, and goe formation is less advanced. Nevertheless, close inspec- 
tion of the coast shows that, as in other fiord-lands, the bed-rock is 
riven with fractures, forming a pattern which is closely related to the 
fiord pattern. These fractures appear in the traces of vertical and 
variously inclined joint planes, traversing the narrow belt of bare rock 
which is everywhere exposed at the bases of the fiord walls at low tide. 
Within the fiords which are sheltered from wave action, these joints 
have suffered but little enlargement, but where they traverse low, wave- 
swept reefs in the Island Fringe, and still more conspicuously on the 
outer coasts of the Island Ranges which are exposed to heavy seas even 
in the fairest weather, the joints are enlarged into true goes of impos- 
ing dimensions. Even under the forest mantle clothing the fiord walls, 
many of the joints may be traced upward as goes excavated by lateral 
torrents, and some may be seen terminating in well-defined notches in 
the skyline. 

In the belief that the fracture system of a fiord-land has an impor- 
tant bearing on the origin of the fiord system, numerous observations 
were made, throughout the coastland, on joints and goes whose trends 
could be determined. A list of these observations would be tedious in 
its repetition of the same fact: that all the important vertical or 
steeply inclined joints and goes are parallel to the adjacent physio- 
graphic lineaments. All four principal fiord trends are represented by 
fracture lines; the longitudinal and transverse components of the con- 
cordant pattern are most strongly represented; the meridional com- 
ponent of the discordant pattern is less commonly repeated; the east- 
west component of the discordant pattern is feebly represented except in 
the vicinity of latitude 51°, where it is the most prominent one. 

Special observations on dikes were not made, but it was noticed that 
many of the joints are filled with dark dike rock. Close field study 
would also be necessary to determine the extent to which faulting has 
occurred along the fracture lines. While there is no good evidence of 
trough-faulting which might bear on the origin of the fiords, physio- 
graphic considerations strongly suggest that step-faulting has oc- 
curred extensively along the longitudinal lines with important down- 
throws to the seaward side, and to some extent also along the trans- 
verse and oblique lines. A fault of the first sort appears in Cascade 
Inlet (lat. 52° 30’, Fig. 14), an unusually straight and steep-sided 
longitudinal fiord immediately south of which several conspicuous 
goes of similar trend were observed. The southwest wall of this fiord 
appears to be several hundred feet lower than the northeast wall, which 
can hardly be explained except by faulting along the line of the fiord 
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with downthrow toward the seaward side. Transverse faulting with 
downthrow to the northwest is suggested by the stepped surface of 
Kaien Island, on which Prince Rupert stands (lat. 54° 19’). Skidegate 
Inlet, the narrow east-west oblique passage separating Graham Island 
from Moresby Island, the two main islands of the Queen Charlotte 
Group, is a proved fault with great downthrow to the north. More 


Ficure 14.—Cascade Inlet 


Looking northwest along a straight and unusually steep-sided fiord running northwest from 
Dean Channel (latitude 52° 25’). The marked difference in the elevations of the mountains on 
either side of the fiord suggests faulting along the line of the fiord, with downthrow on the 
southwest (seaward) side. (After an aerial oblique by the Royal Canadian Air Force.) 


generally, the lower elevations of the Island Fringe, as compared with 
those of the adjoining mainland, are more easily understood as due to 
faulting along longitudinal lines with downthrow toward the Inter- 
mont Valley Belt than as the effect of any plausible combination of 
erosional processes (Fig. 10). 

The arrangement of mineral veins and shear-zones (mineralized lines 
of fracture and dislocation) in the coastland affords confirmation of 
the foregoing observations. This matter has been briefly treated by 


®J. D. Mackenzie: Geology of Graham Island, British Columbia, Geol. Surv. Canada, Mem. 88 
(1916). 
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Schofield, who has found that these features tend to conform to two 
principal trends, a northwesterly one (longitudinal) and a northeasterly 
one (transverse). It is interesting to note that Schofield found that 
the longitudinal ore-bodies are commonly mineralized shear-zones, 
thereby proving that the longitudinal lines are, in many cases, lines of 
differential movement, as was inferred above on physiographic grounds. 

There is, thus, an impressive correspondence of the pattern of the 
valley and fiord system of the coastland to the underlying pattern of 
folds, fractures, and faults. Clearly, the subsurface structure directed 
the agencies of erosion that boldly sculptured the surface form. 


Fiords in plan—According to the foregoing analysis of the fiord pat- 
tern, simple fiord reaches may be classed according to their trend into 
three groups: longitudinal reaches, which follow the gently curving 
grain of the coastland in a general northwesterly direction; transverse 
reaches, which break across the grain at nearly a right angle and thus 
run northeasterly; and oblique reaches, which traverse the grain at 
about half a right angle in northerly or easterly directions. The first 
two groups belong to the concordant pattern; the third constitutes the 
discordant pattern. 

Relatively few fiords belong exclusively to one or another of the 
three groups. Johnstone Strait (lat. 50° 25’, 60 miles long), Grenville 
Channel (lat. 53° 30’, 55 miles), and Principe Channel (lat. 53° 40’, 
48 miles) are the longest simple longitudinal passages, and Wark Chan- 
nel (lat. 54° 30’, 30 miles) , South Bentinck Arm (lat. 52° 15’, 27 miles), 
and Cascade Inlet (lat. 52° 30’, 16 miles) are among the longest inland 
fiords that follow longitudinal courses without deflection. The long- 
est wholly transverse fiords are Observatory Inlet and Portland Inlet 
(lat. 55°, 63 miles), the lower part of Portland Canal and Pearse Canal 
(lat. 55°, 48 miles), and the northeast leg of Douglas Channel (lat. 
53° 30’, 28 miles); the longest channels that are strictly oblique are 
Fisher Channel and Fitzhugh Sound (lat. 52°, 58 miles), the lower part 
of Douglas Channel and Whale Channel (lat. 58° 30’, 47 miles), and 
Finlayson Channel (52° 40’, 27 miles). 

By repeated deflections of course from one principal direction to an- 
other, commonly by sharp elbows but in places by smooth curves, many 
of the fiords reach great continuous lengths. Thus, a narrow water- 
way extends from the north end of Douglas Channel, through Devasta- 
tion Channel, Ursula Channel, Fraser Reach, and Finlayson Channel, a 
distance of 126 miles in a generally oblique southerly direction. Dean 
Channel, Fisher Channel, and Fitzhugh Sound form a continuous fiord 
121 miles in length. Principe Channel, Estevan Sound, and Laredo 
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Channel are collinear longitudinal passages forming a continuous 
waterway 100 miles long. Portland Canal and Pearse Canal form a 
single fiord with a length of 97 miles. Knight Inlet with its narrow 
prolongation through the Island Fringe has a length of 81 miles. 
These lengths compare favorably with European fiord-lengths meas- 
ured in the same way, and also with the lengths of typical Alaskan 
fiords. Among the great islands of the Alexander Archipelago still 
longer continuous waterways can be traced, but these passages are also 
wider and, with one notable exception, much less regular than typical 
fiords and are more properly comparable to the entire seaway separat- 
ing Vancouver Island from the mainland. The exception is Lynn Canal 
with its continuation, Chatham Strait, which together form a straight 
oblique fiord 250 miles long and 4 to 17 miles wide, which is, however, 
quite four times the average width of the more typical fiords of the 
coastland. 

The British Columbian fiords are essentially parallel-sided, with 
strong similarity between the irregularities of the opposing walls. A 
slight divergence of the opposing walls occurs toward the outlets of 
some of the longitudinal passages, and some fiords expand abruptly 
into wide island-studded sounds with noticeably rectangular outlines; 
this is shown by Howe Sound (Fig. 15) and Alberni Canal opening into 
Barkley Sound on Vancouver Island. More commonly a departure 
from parallelism takes the form of a slight convergence of the walls 
toward the outlet, so that the main trough of the fiord is separated 
from its outlet through the Island Fringe by a relatively constricted pas- 
sage. Thus, Bute Inlet, with an average width of two miles, narrows 
to one mile at its junction with Cordero Arm (lat. 50° 25’); Knight 
Inlet is one and one-half miles wide on the average, but its widest out- 
let is only three-quarters of a mile across (lat. 50° 39’); Indian Arm, 
with an average width of three-quarters of a mile, contracts to a quarter 
of a mile at its junction with Burrard Inlet (lat. 49° 18’). Indeed, in- 
spection of the large-scale charts shows that this feature is very general. 

With more pronounced constriction of the fiord outlets, fiord troughs 
pass into sea-level fiord lakes open to the sea through tidal rivers, or 
into true lakes only slightly above sea level. Pitt Lake (lat. 49° 20’) 
is an example of the former, and Powell Lake (lat. 50° 00’), Owikeno 
Lake (lat. 51° 40’) and Link Lake (lat. 52° 25’, Fig. 6) exemplify the 
latter. The gradation from slightly constricted fiords to fresh-water 
fiord lakes is quite continuous, showing that the two forms are strictly 
homologous. 
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Neglecting a few of the more irregular passages among the fringing 
islands, the fiords have a remarkably uniform general width which is 
rarely less than three-quarters of a mile or more than three miles. 
The average width is probably close to one and one-half miles; and, 
as the fiords are relatively long, the ratio of length to width, a test of 
fiord character, is unusually high. Portland Canal and Pearse Inlet 
have a total length of 97 miles and an average width of one and one- 


Ficure 15.—Howe Sound 


Looking south from the head of this transverse fiord (latitude 49° 40’) over the islands at 
the mouth, which exceed 2000 feet in height, over Georgia Basin to the Vancouver Range, more 
than 50 miles away. (After an aerial oblique by the Royal Canadian Air Force.) 


quarter miles, giving an exceptionally high ratio of 78 to 1. Ratios of 
more than 40 to 1 are not unusual, but the average is perhaps 30 to 1, 
which is still high compared with the ratio in many inlets admitted to 
the fiord class. 

The typical fiord wall is devoid of conspicuous rock spurs, and con- 
sequently the shore-line is essentially straight. In detail, however, the 
walls show many minor irregularities and blunt projections. Some 
of these are steep cones of detritus built by tributary torrents or caused 
by slumping talus; others are blunt rock shoulders having the appear- 
ance of normal spurs with their slender projections planed off. 
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At the heads of some fiords extending inland the walls converge 
rapidly to steep valleys or cirques carrying small streams, but in many 
others, especially the larger transverse fiords, the fiord walls continue 
inland from the fiord head without convergence, enclosing great steep- 
walled, flat-floored valleys that rise inland with very gentle gradients 
and carry important streams. Except for their deep alluvial floors, 


Ficure 16.—Delta and fiord valley of Bella Coola River 
Looking east from the head of North Bentinck Arm of Burke Channel (latitude 52° 22’), A 
typical transverse fiord valley joined by ice-planed hanging lateral valleys and leading, between 
mountains reaching 9000 feet in height, right through the Mainland Range. (After an aerial 
oblique by the Royal Canadian Air Force.) 


these fiord valleys are in every way similar in form to the fiords them- 
selves. Several of the valley extensions of the transverse fiords com- 
pletely traverse the mainland mountains and offer practical road and 
railway routes from the coast to the Plateau Belt. Thus the valley 
extension of Howe Sound, a branch of which is shown in Figure 5, car- 
ries a railway from the coast to Lillooet in the Interior Plateau; the 
land valley of Bute Inlet was once vigorously advocated as the best 
railway route across the Coast Range north of the Fraser River. The 
valley of the Klinaklin River continues from the head of Knight Inlet 
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to the Interior Plateau and offers another possible route through the 
mountains. The Bella Coola Valley, an extension of the North Ben- 
tinck Arm of Burke Channel, carries an easy road to the plateau be- 
tween mountains exceeding 9000 feet in height (Fig. 16). 


Fiords in transverse section.—Above sea level the fiords typically 
present a pair of steep symmetrical walls rising abruptly from the 


Ficure 17.—North Bentinck Arm of Burke Channel 


Looking west from the mouth of Bella Coola River (latitude 52° 22’). (Compare with 
Figure 16.) A typical transverse fiord trough with truncated spurs, hanging lateral valleys, and 
nearly straight shore lines. (After an aerial oblique by the Royal Canadian Air Force.) 


water level, continuing upward with some moderation of slope and 
merging into the surrounding mountain slopes. The commonest pro- 
file is, thus, a plunging profile somewhat convex toward the fiord in its 
lower parts (Fig. 14). With loss of general curvature the common 
plunging profile gives place to an essentially straight profile (Fig. 6), 
and by reversal of curvature a shelving profile, concave toward the 
fiord, is produced (Fig. 16). 

The general slope of the fiord walls is steep, but not as steep as it 
appears to the observer at sea level, who is apt to gain an extravagant 
impression of the slope through the proximity of the lowest part of the 
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Ficure 18.—Fiords and fiord valleys in British Columbia 
True-scale transverse sections of (A) Seymour Creek (latitude 49° 20’); (B) Indian River 
(latitude 49° 30’); (C) Head of Portland Canal (latitude 55° 57’); (D) Indian Arm (latitude 
49° 23’); (E) Queens Reach, Jervis Inlet (latitude 50° 0’); (F) Alice Arm, head of Observatory 
Inlet (latitude 55° 26’); (G) Fisher Channel (latitude 52° 13’). 
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slope, which is commonly the steepest, and the upward tilt of his line 
of vision, which increases apparent steepness. To obtain a well- 
founded value for the general slope of the fiord walls a number of true- 
scale profiles were prepared from contoured maps and charts with 
abundant soundings and land heights (Fig. 18). Replacing the irregu- 
lar profiles by single straight lines giving the general slope, often ex- 
tending far below sea level, the slopes on the profiles made were found 
to range from 35° to 47° to the horizontal, over vertical distances of 
3000 to 6100 feet. The averages from the separate measurements are 
40° of slope over a vertical distance of 4500 feet, which may be taken 
as a fair value of the general slope of the larger British Columbian 
fiord walls. The general slope of the wider fiords in the Island Fringe 
is considerably lower than this value. Exact data are not available, 
but including these less steeply sloping walls with the steeper walls of 
the typical fiords, it is the writer’s impression that the average value 
of the general slope of the walls of all the fiords and analagous forms is 
about 30° to the horizontal. 

Because of marked irregularities in the transverse sections of fiord 
walls, considerable portions of the walls may be much steeper than the 
maximum observed general slope of 47°. This is seen where a 
U-shaped profile is imposed on a trough of general V\-shape, and still 
more conspicuously where parts of the fiord wall are formed directly 
by collapse along nearly vertical longitudinal joints. Under such con- 
ditions, parts of the walls become veritable precipices, such as the nearly 
vertical 2000-foot cliff described by Bancroft ?° near Grave Point on 
the northern side of Knight Inlet. 

The fiord walls retain their steep general slope nearly to the height 
of the surrounding summit level only in the lower parts of the Mainland 
Range, where its appearance is most strongly suggestive of a dis- 
sected plateau (Figs. 5, 6, 11) ; in the higher parts of the range the fiord 
walls lose definition among the irregular flanks of the curved residual 
peaks (Fig. 19). Some such peaks are not far from a fiord, so that the 
relief over short horizontal distances is very great. In the section of 
Queen’s Reach, Jervis Inlet (Fig. 18, E) , for example, the summit of Mt. 
Albert (8260 feet) towers over the fiord only three and one-half miles 
away, which has a depth certainly greater than the one bottom-sound- 
ing of 184 fathoms near the line of section. The known relief is thus 
9364 feet, and the full relief in this vicinity, and elsewhere in the higher 


10J. A. Bancroft: Geology of the coast and islands between Strait of Georgia and Queen 
Charlotte Sound, British Columbia, Geol. Surv. Canada, Mem. 23 (1913) p. 22. 
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parts of the Mainland Range penetrated by fiords, must be fully 10,000 
feet. 

As seen in the views accompanying this paper and in the transverse 
sections in Figure 18, perfectly regular plunging, straight, or shelving 
profiles are very uncommon. The slopes of the fiord walls are com- 
monly interrupted by changes of inclination producing rude stepped 


Ficure 19.—Princess Louisa Inlet 


Looking northeast along a small but very deepset fiord (latitude 50° 10’) branching from Jervis 
Inlet. The basin is nearly closed by a rock bar, and the surrounding mountains exceed 8000 feet 
in height. (After an aerial oblique by Canadian Airways Limited.) 


profiles resembling the bench and trough form of the overdeepened val- 
leys of Switzerland. Such interruptions of slope may be simple or mul- 
tiple, and they may be above or below sea level. 

From the data given it is possible to construct a curve representing 
the normal transverse section of the larger and steeper British Colum- 
bian fiords (Fig. 20). This curve gives the normal form without 
irregularities, on the basis of a normal general slope of 40° over a 
vertical distance of 4500 feet, with fiord walls 144 miles apart between 
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the points of inflection of the curves of the fiord walls. The curve 
has the flaring (y-shape or rounded trough shape common to fiords and 
homologous forms. According to the level of the water in a trough 
of this shape, or the level of the alluvium in the case of fiord valleys, 
the walls are of plunging form if the level is at or above the line b 
through the points of inflection, and of shelving form if the level is at 
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Ficure 20.—Larger and steeper fiord forms in British Columbia 
Normal true-scale transverse section. From sea level at or above b the walls have plunging 
form; from sea level below b, such as the level a, the walls have a shelving form. 


a horizontal line below b, such as the line a. Thus, as a rule, fiords 
with plunging walls are deeper than those with shelving walls. 


Fiords in longitudinal section.—On the older charts, which are still 
the only ones available for the greater part of the coastal waters, the 
full depths of the deeper channels are rarely given. Long stretches 
marked 50 fathoms (no bottom) and occasional bottom-soundings of 300 
fathoms or more, close inshore, indicate considerable but unknown pre- 
vailing depths. Fortunately, the newer charts of the Canadian Hydro- 
graphic Service give full depths in the areas covered. Although rela- 
tively small, these areas are fairly well distributed and thus are suf- 
ficient to give a provisional picture of the distribution of depths in the 
fiord channels. 

From the data available a number of longitudinal sections were 
made on a uniform scale in which the vertical component is exaggerated 
five times (Fig. 21). The sections include a fiord valley and a fiord 
lake in addition to typical fiords open at one end and fiord straits open 
at both ends. Compared with the evenly decreasing seaward slope 
of the fiord valley (A), the floors of the submerged troughs show con- 
siderable, and in places extreme, irregularities characteristically pro- 
ducing deep basins with shallow outlets almost closed off by massive 
thresholds (B,C, D,H). In some fiords the shoaling toward the mouth 
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is less pronounced (EZ, L), but it is rarely absent; even the fiord straits 
open at both ends show indications of thresholds under the outlets 
(K); in a few fiords there is more than one pronounced rise in the 
floor, dividing it into two or more basins connected by shallower chan- 
nels (G, H). 

The greatest recorded depth in British Columbian waters is 429 
fathoms (2574 feet) in Finlayson Channel (lat. 52° 28’), the last reach 
of the 126-mile waterway leading from the head of Douglas Channel 
through the Island Fringe by way of the east side of Princess Royal 
Island. This depth is somewhat less than the greatest depth shown 
on a recent general chart of southeastern Alaska, namely 483 fathoms 
(2898 feet), in the lower part of Chatham Strait, and it is considerably 
less than greatest depth in the Sogne Fiord, about 4000 feet, the deepest 
European fiord sounding.‘ Messier Channel in Patagonia, the deepest 
known fiord, reaches the still greater depth of 4250 feet.12 Thus, 
while the British Columbian fiords are, as far as the evidence goes, not 
excessively deep, their deeper parts lie far below the level of the Con- 
tinental Shelf. The average difference in depth between the fiord floors 
and the Continental Shelf is probably near 1000 feet, and the maxi- 
mum known difference is fully 2000 feet. 

Within a normal fiord the greatest depth may be near the head, near 
the threshold, or midway; there is no evident tendency to longitudinal 
shovel shape. Among the transverse and oblique fiords, depth and 
width are usually directly related. In the outer longitudinal passages 
of the Island Fringe, however, the relation fails or is reversed. Many 
of the channels are wider and shallower than the transverse and oblique 
fiords, and in several, such as Laredo Channel (Fig. 21, K) and Prin- 
cipe Channel, divergence of the walls toward the outlets is accompanied 
by decreasing depth. The greatest depths are frequently found in a 
passage where it runs from the mainland to the Island Fringe. Fin- 
layson Channel and Fisher Channel both occupy such positions, and 
it is significant that both are in the relatively low and deeply indented 
part of the inner coast, facing the wide breach between the Vancouver 
Range and the Queen Charlotte Range. Portland Inlet, another deep 
channel, is likewise situated in the depressed part of the coast, facing 
the gap between the Queen Charlotte Range and the Alexander Range. 

In British Columbia, as in other fiord regions, there is little direct 
evidence on the nature of the submerged thresholds. The indications 
given on the charts, such as “rock,” “sand,” or “gravel,” refer to the 


uJ. W. Gregory: op. cit., p. 77. 
12 Op. cit., p. 7. 
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Ficure 21.—Fiord forms in British Columbia 
Longitudinal sections with the vertical scale exaggerated five times. The down-valley direction 
is from right to left in every section except K (Laredo Channel), an open-ended longitudinal 
passage in which the direction of previous drainage and glaciation is unknown. (A) Valley of 
Indian River (latitude 49° 33’); (B) Indian Arm (latitude 49° 23’); (C) Pitt Lake (latitude 


49° 26’); (D) Thornborough Channel, Howe Sound (latitude 49° 33’); (E) Surf Inlet (latitude 
52° 57’); (F) Cousins Inlet (latitude 52° 19’); (G) Johnson Channel (latitude 52° 15’); (H) Alice 
Arm (latitude 55° 27’); (K) Laredo Channel (latitude 52° 44’); (L) Portland Inlet, lower part 
(latitude 54° 46’); (M) Fisher Channel (latitude 52° 10’); (N) Finlayson Channel (latitude 
52° 28’), showing the deepest recorded sounding in British Columbia waters (429 fathoms). 
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bottom sample, if any, brought up by the tallow in the sounding lead; 
such indications do not distinguish between a rock bar which may be 
covered with sediment or a submerged swell built wholly of detritus. 
An opinion on the nature of the fiord thresholds will be given in the 
next section. 


Discordance of rock floors—The valley system of the coastland is 
characterized by a prevailing discordance in the levels of the rock floors 
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Ficure 22.—Types of rock-floor discordance in connecting depressions 
(A) Longitudinal section of a valley with interrupted longitudinal slope giving a discordance 
of amount d. (B) Transverse section of a trunk valley joined by a hanging lateral valley with 
discordance d. Of the two systematic cases each may be expressed geographically in three ways, 
according to whether sea level is at a, b, or c. 


of connecting depressions. This discordance may be between floors 
of consecutive collinear valleys or basins, or between a lateral valley or 
basin and the main valley or basin with which it connects. Figure 22 
illustrates these two general cases of discordance and the variations 
which may occur in each due to the position of sea level with respect to 
the discordant floors. Figure 22A gives the longitudinal section of a 
valley interrupted by a discordance of amount d. With sea level at 
a the figure represents a stepped valley floor or, if the floor of the upper 
part of the valley rides before dropping off, a pair of discordant con- 
secutive lakes; at b the discordance is between the valley or lake and 
the head of a fiord in the same line; at c the discordance affects parts 
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of a continuous fiord. The case of discordance between a lateral val- 
ley or basin and the main valley or basin with which it connects is 
given in Figure 22B, which represents a section cutting the main valley 
transversely at the junction of two such discordant forms. With sea 
level at a the discordance is between a hanging lateral valley or lake 
and the main valley with which it connects. At b the figure repre- 
sents a fiord with a lateral hanging valley or lake basin. At c the dia- 
gram shows the wholly submerged discordant junction of a lateral fiord 
with a trunk fiord. 

Examples of each of the above six arrangements of discordant rock 
floors can readily be found. In general, discordances between consecu- 
tive collinear depressions are not so important as those between main 
depressions and their lateral tributaries. Furthermore, many cases 
of apparent discordance are certainly due to morainic deposits block- 
ing a valley or fiord and causing superficial interruptions without real 
discordance of the rock floors. A special and important case of unreal 
discordance is found at the head of every large fiord which continues 
inland as a fiord valley carrying an important stream. Such a stream 
is building a deep delta that makes a strong interruption in longitudinal 
slope; an examination of a large delta of this type (Fig. 17) shows that 
the discordance is, in all probability, superficial and that the rock floor 
of the fiord continues under the alluvium of the fiord valley without 
interruption of longitudinal slope. 

Discordances of the type shown in Figure 22B are, on the other hand, 
of great importance and constitute important features of the coastland 
scenery. Lateral valleys, ranging in size from small cirque valleys 
to great spurless troughs, join main troughs with discordances between 
the rock floors amounting to 1000 feet or more. In some such fiords 
the slope between the floor of the hanging valley and that of the main 
valley is steep enough to cause the tributary stream to leap down in 
cascades; in others the tributary stream flows swiftly down in a re- 
cently excavated gorge, which is usually masked by heavy timber. 
A study of the soundings at the junctions of smaller lateral fiords with 
trunk fiords shows the almost invariable existence of discordances, 
some of them of great extent. Extreme cases of such submarine dis- 
cordances are between Cousin’s Inlet and Dean Channel (Fig. 21F), 
where the down-step amounts to 1300 feet, and between Johnston 
Channel and Fisher Channel (Fig. 21G) where the drop is 1500 feet. 

Clear examples of the several types of rock floor discordances for- 
mally classified above exist in the vicinity of Ocean Falls at the head 
of Cousin’s Inlet (Fig. 23). Mokst Lake—Link Lake are in the rela- 
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tion A a; Martin Lake—Link Lake, Link Lake—Cousin’s Inlet, and 
Ikt Lake—Cousin’s Inlet illustrate the relation B b; Cousin’s Inlet— 
Fisher Channel is a case of the discordance A c or B c, according to 
whether Cousin’s Inlet be regarded as a collinear or a lateral branch 
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Ficure 23.—Topographic relations in the vicinity of Ocean Falls 
Exemplifying various types of rock floor discordance (latitude 52° 21’). The straight lines 
meeting in Link Lake enclose the area covered by the aerial view in Figure 6. (From detailed 
surveys by D. W. Hodsdon, of Ocean Falls.) 


of Fisher Channel. Three of the discordances are shown to scale in 
Figure 23, B, C, D. Martin Lake (surface, 804 feet **; depth, over 
250 feet) is separated from Link Lake (surface, 90 feet; depth more 
than 300 feet) by a rock lip of height 1011 feet above sea level, and 
the discordance between the bottoms of the two basins, although not 
exactly known, is evidently close to 900 feet. Link Lake discharges 


18 These heights refer to the natural conditions before they were modified by damming and 
tunneling operations in connection with the hydro-electric plant at Ocean Falls. The above data 
were kindly furnished by D. W. Hodsdon, engineer at Ocean Falls. 
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into Cousin’s Inlet over a massive rock bar with a discordance of about 
90 feet between the floors of the two depressions. The full discordance 
between the threshold near the outlet of Cousin’s Inlet and the bot- 
tom of Fisher Channel is 1300 feet. 

It is evident that the strong discordances which commonly exist 
between the levels of the floors of connecting depressions are independ- 
ent of sea level; hence, we may conclude that many of the now sub- 
merged discordances revealed by soundings are, like the emerged 
discordances open to inspection, true rock features. The important 
submerged hanging-valley relation is, without doubt, a true rock 
feature, and thresholds which break the surface in rock islands are, 
likewise, unquestionably rock bars, just as on land, where the longi- 
tudinal slope of some valleys is in places interrupted by massive dams 
of detritus, such as moraine, land slipped talus, or sediment. Some 
of the submerged swells, rising from the floors of the fiords and partly 
blocking their outlets, are undoubtedly similar deposits of detrital 
materials. 

GEOMORPHIC DEVELOPMENT 
PREVIOUS VIEWS 

Although no full and connected explanation of the geomorphic devel- 
opment of the entire coastland of British Columbia has yet been given, 
there exist many valuable conclusions and suggestions relating to 
limited portions of the region or to certain phases of the history of 
the entire region. While conclusions reached directly from field work 
in British Columbia are of first importance in the present connection, 
some of the main conclusions of workers in southeastern Alaska will 
also be taken into account, in view of the geomorphic unity of the 
two regions. 

Among the conclusions reached in British Columbia those of G. M. 
Dawson command special attention in view of their author’s un- 
rivalled knowledge of the field, his constant interest in the major 
problems, and his powerful influence on subsequent work. Dawson 
recognized two periods of deformation which may still find expression 
in the present relief: the first he placed at the close of the Triassic, 
when the Mainland and Island ranges were outlined; the second he 
referred to the end of the Cretaceous (Laramie), during which period 
he believed that the belts of Triassic deformation were re-elevated and 
increased in width while the Eastern Belt of the Cordillera was de- 
formed for the first time.** 


4G. M. Dawson: Report on the area of the Kamloops map-sheet, British Columbia, Geol. 
Surv. Canada, Ann. Rept., vol. 7 B (1896) p. 4. 
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The Interior Plateau, adjoining the eastern side of the southern part 
of the Mainland Range, was regarded by Dawson as a peneplain, 
developed by prolonged stream erosion in the early Cenozoic and, 
therefore, after the Laramie deformation, modified by volcanic ac- 
cumulations in the Miocene, uplifted to more than its present height 
in the later Pliocene and deeply trenched by large rivers.15 Regard- 
ing the fiords as drowned river valleys only slightly modified by 
glaciers, Dawson concluded that the coastland stood about 900 feet 
higher than today at the time of the maximum Pliocene elevation.?¢ 
At this period, deeply entrenched transverse streams were believed to 
have flowed southwestward from the Mainland Range to join larger 
longitudinal rivers occupying the depression between Vancouver Island 
and the mainland. One of these rivers flowed southeastward through 
the Strait of Georgia, joined the Fraser River, which received an im- 
portant tributary from Puget Sound, and reached the sea by way of 
Juan de Fuca Strait; the other flowed northwestward through Queen 
Charlotte Strait and around the north end of Vancouver Island into 
the Pacific.?” 

The summit accordance of the Mainland Range was explained by 
Dawson as due, not to the dissection of an uplifted peneplain, but 
to frost action proceeding more rapidly above the snow-line than 
below it.?8 

Dawson recognized four dominant trends of the fiords, rivers, and 
lakes: (1) NW—SE, parallel to the folds; (2) NE—SW, only faintly 
indicated; (3) N—S, due to fractures; and (4) E—W, of undeter- 
mined origin.’® 

After abandoning the theory of glaciation by sea-borne ice and the 
enormous oscillations of the land which this theory required, Dawson 
advanced the theory of two main periods of continental glaciation 
during which ice from a Cordilleran ice field in the Interior Belt moved 
seaward through gaps in the Mainland Range and followed the Plio- 
cene drainage channels.”° Since the glaciers were believed to have 
modified the Pliocene channels only slightly, Dawson concluded that 


18 Op. cit., p. 4-5. 

16 Op. cit., p. 16-17, 

17G. M. Dawson: On the later physiographical geology of the Rocky Mountains in Canada, 
Roy. Soc. Canada, Tr., vol. 8, pt. 4 (1890) p. 21. 

18G. M. Dawson: Report on the area of the Kamloops map-sheet, British Columbia, Geol. 
Surv. Canada, Ann. Rept., vol. 7B (1896) p. 12. 

1G. M. Dawson: On the superficial geology of British Columbia, Geol. Soc. London, Quart. 
Jour., vol. 34 (1878) p. 90-91. 

2G. M. Dawson: Report on the area of the Kamloops map-sheet, British Columbia, Geol. 
Surv. Canada, Ann. Rept., vol. 7B (1896) p. 250-253. 
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the longitudinal basin shape of the fiords is due mainly to detrital 
obstructions near their outlets.”* 

From a study of southern Vancouver Island, Clapp ?? concluded that 
the island was reduced to a surface ranging from maturity to old-age 
at the end of the Miocene; that this surface was unequally elevated 
in the Pliocene and maturely dissected before the Ice Age; and that 
the land was subsequently depressed to form the drowned southeast- 
ern coast, and finally elevated 200-300 feet to produce the present plat- 
form which is conspicuously developed on the southwest coast. Clapp 
recognized traces of the Cenozoic surface at a height of 1500 feet in 
the south, 2000 feet farther north, and still higher in the interior of 
the island, above which the present peaks rise from 1000 to 3000 feet. 

From field work on the coast and islands of southern British Colum- 
bia, Bancroft concluded that the fiords are Pliocene river valleys which 
were filled to a depth of at least 4000 to 5000 feet by glaciers and 
deepened to the extent of at least 1000 to 2000 feet by their erosive 
action. Bancroft saw no proof of post-Glacial subsidence but empha- 
sized the evidence for post-Glacial uplift.” 

In a study of the Vancouver district, Burwash proposed a correla- 
tion between the physiographic stages in the southern part of the 
Mainland Range and those recognized by Smith and Willis in central 
Washington. The accordant summits of the Mainland Range at 
about 8000 feet, with “horns” rising still higher, are regarded as rem- 
nants of a peneplain with monadnocks corresponding to the Methow 
peneplain of central Washington. This surface was upwarped and 
maturely dissected with respect to a base level (Entiat Stage of cen- 
tral Washington) represented by rock terraces ranging from 3800 feet 
in height in the south to 5200 feet in height 40 miles farther north. 
Uplift of the Entiat surface in the Pliocene resulted in canyon-cutting 
(Twisp Stage). Valley glaciers caused important modification of the 
Twisp canyons (Chelan Stage), and post-Glacial stream action (Stehe- 
kin Stage) resulted in deep notching of the Chelan troughs. 

From a study of the Bridge River area, which lies partly in the 
Mainland Range and partly in the Interior Plateau in latitude 50° 55’, 
McCann * concludes that the two regions represent, in all probability, 
a portion of a single peneplain developed in the Eocene and, there- 


21G. M. Dawson: On the superficial geology of British Columbia, Geol. Soc. London, Quart. 
Jour., vol. 34 (1878) p. 91. 
22C. H. Clapp: Southern Vancouver Island, Geol. Surv. Canada, Mem. 13 (1912) p. 12 et. seq. 


23 J. A. Bancroft: op. cit., p. 51. 
2% W.S. McCann: Geology and mineral deposits of the Bridge River map-area, British Columbia, 
Geol. Surv. Canada, Mem. 130 (1922) p. 13-15, 43-44. 
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fore, after the early Cenozoic revolution. In essential agreement with 
Spencer and Brooks, whose conclusions will be outlined presently, 
McCann infers that this peneplain was differentially uplifted and dis- 
sected at the close of the Eocene without interrupting an antecedent 
transverse drainage, and that further uplift in the Pliocene and con- 
sequent dissection resulted in essentially the present topography. 

Schofield and Hanson *° concluded that the Mainland Range was de- 
formed in the Upper Jurassic and reduced to a peneplain during the 
Cretaceous. In a later paper, Schofield showed that the mineral veins 
of the coastland follow fractures trending nearly NW—SE and 
NE—SW, and suggested that these fractures correspond to the theore- 
tical vertical planes of maximum shear resulting from horizontal 
forces acting from the east. These fractures were believed to be in 
close relation to the fiord and drainage system of the coastland. 

Uglow has described remnants of Middle and Upper Eocene sedi- 
ments overlain by Miocene lavas on the floor of the wide valley of 
the North Thompson River, 40 to 55 miles north of Kamloops in the 
Interior Plateau. From these relations, Uglow concluded that the 
surrounding plateau surface is essentially a Cretaceous peneplain, 
which was uplifted and maturely dissected in the early Eocene. 

From observations in the Copper River region of Alaska, together 
with a study of the available writings on British Columbia, Spencer 
offered a simple general explanation of the development of the Pacific 
Mountain Belt. From the fact that large areas of the Central Belt 
are generally agreed to be uplifted and dissected peneplains, whereas 
the Pacific Mountain Belt has the character of a dissected plateau, 
Spencer concluded that the entire region was peneplaned and then 
subjected to slow differential upheaval whereby the area of the Pacific 
Mountain Belt was carried considerably higher than the adjoining 
Central Belt. This unequal vertical movement was believed to have 
been accompanied by warping, flexure, and some dislocation along the 
junction of the two belts, without, however, interrupting the antecedent 
transverse drainage. Spencer also suggested that the depression now 
separating the two main relief lines of the Pacific Mountain Belt 
would prove to be the result of erosion rather than the effect of crustal 
adjustments. 

In general agreement with Spencer, Brooks ** concluded that Alaska 
was reduced to a state of advanced maturity in the Pliocene with 


2§. J. Schofield and G. Hanson: Geology and ore deposits of Salmon River district, British 
Columbia, Geol. Surv. Canada, Mem. 132 (1922) p. 31. 

% A. H. Brooks: The geography and geology of Alaska, U. 8. Geol. Surv., Prof. Pap. 45 (1906) 
p. 267, 290. 
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transverse streams flowing to the Pacific. Regional uplift of a grad- 
ual, intermittent, and differential nature raised the Mainland Range 
5000 feet or more, without interrupting the transverse drainage which 
now continued to dissect the upraised mountain belt under the control 
of fractures in the homogeneous rocks. Brooks recognized the drowned 
appearance of the Alaskan fiord-coast but did not decide whether 
this appearance is due to submergence or to glaciation. 

Like Spencer and Brooks, Gilbert regarded the Pacific littoral of 
Alaska as an uplifted and dissected peneplain. To explain the depths 
of the fiords, Gilbert argued that ice tongues would erode valleys to 
sea level and thereafter, by completely expelling the sea water, would 
continue to deepen their troughs with undiminished powers of ex- 
cavation.”* 

Other workers in Alaska have touched on several significant points: 
The brothers Wright ** concluded that the position of Lynn Canal— 
Chatham Strait, the greatest Alaskan fiord, was determined by a line 
of faulting running obliquely to the strike. Grant and Higgins recog- 
nized submerged cirques indicating post-glacial subsidence. Martin 
and Williams, on the other hand, consider Lynn Canal—Chatham 
Strait as a pre-Glacial river valley converted into a fiord by glacial 
erosion without the aid of faulting or subsidence. 

The foregoing summary of some of the principal conclusions ex- 
pressed in published studies will serve to indicate the tenor of past 
and present opinion on the geomorphic evolution of the coastland. 
Although there is general agreement in some respects, there is a 
marked difference of opinion in others; also, some essential points are 
but briefly touched by single observers, and others are totally neg- 
lected. The problem in hand might take the form of a critical dis- 
cussion of the debated and neglected questions in the light of the newly 
accumulated descriptive material, but in view of the lack of an ex- 
planation covering the significant features of the entire region it seems 
better to approach the problem of its geomorphic development afresh, 
and to reach independent conclusions based primarily on accepted 
principles and ascertained fact. It will then be of interest to com- 
pare the conclusions reached with those already advanced. 


NATURE OF THE PROBLEM AND THE MODE OF APPROACH 
The form of a land mass is the result of its subsurface structure and 
the sum of the physical processes which have acted upon it. Under 


27 G. K. Gilbert: Glaciers and glaciation, Harriman Alaska Series, vol. 3 (1910) p. 217. 
2 F. E. Wright and C. W. Wright: The Ketchikan and Wrangell mining districts, Alaska, U. 8. 
Geol. Surv., Bull. 347 (1908) p. 22. 
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structure we are concerned, in geomorphic discussion, with those 
aspects of geologic structure that determine the manner in which the 
region responds to physical processes, namely the mechanical resistance 
of the constituent rock formations and the extent to which they may 
be already disturbed by folding, fracturing, and faulting. Under 
physical processes we include both the tectonic and the erosive proc- 
esses which affect the region within the period of its geomorphic devel- 
opment. An explanation of the present form of a region is thus 
equivalent to ascertaining its initial structure and the nature and 
sequence of the tectonic and erosive processes which have affected it, 
and then showing that these processes acting on the initial structure 
will naturally produce the observed final form. 

In the general problem certain factors are known; others must be 
determined by the method of framing and testing hypotheses. The 
final form is known; the initial structure is known if the region has 
been studied geologically; the climatic conditions that have pre- 
vailed and, consequently, the character of the active erosive processes 
are likewise indicated by geological evidence; and the deformations 
and dislocations which the region may have suffered during the period 
of its geomorphic development are recorded in the rock formations. 
The principal unknown factors are also those having the main control 
in geomorphic development, namely the regional vertical movements 
which provide the motive power to the erosional machine. In a re- 
gion in which there is practically no sedimentary record covering 
the period of geomorphic development, such movements must be in- 
ferred mainly from physiographic considerations. The determination 
of these movements thus becomes the core of the problem of explain- 
ing the present configuration of a land mass. 

With these considerations in mind the present problem may be 
effectively approached by first determining the earliest period in 
which events occurred that appear to have affected the geomorphic 
development of the region. From this period on we may attempt 
to reconstruct the history of the region, using the geologic evidence 
where it is available and bridging the gaps by judicious inference based 
on physiographic requirements. As in all essays in geomorphology 
the discussion will lead to a solution which is not necessarily the 
unique true explanation; the result will be a hypothesis with a con- 
siderable measure of probability if the hypothetical elements of the 
explanation are inherently likely and the sequence of proved and 
postulated events leads naturally to the observed final stage. 
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SIGNIFICANT GEOLOGICAL EVENTS 

The present form of the coastland seems to show the influence of 
events which occurred as far back as the later Mesozoic. A recon- 
struction of the history of the region may, therefore, begin with a 
brief review of the significant geologically attested events which 
occurred in the period extending from the later Mesozoic to the present. 

The progress of geological work in British Columbia has con- 
firmed Dawson’s conception of two principal periods of mountain 
building and igneous activity since the early Mesozoic. But, whereas 
Dawson placed the first at the end of the Trias and the second at the 
close of the Cretaceous, the present tendency is to regard both periods 
as protracted disturbances, each of somewhat later date, the first 
extending through the late Jurassic and the early Cretaceous, and the 
second commencing in the early Eocene and continuing in renewed 
crustal movements and igneous manifestations throughout the Ceno- 
zoic. These two principal disturbances are separated by a period 
of marine transgression in the later Cretaceous, when the Jura-Creta- 
ceous orogen was worn down and the detritus deposited in the vast 
thickness of sediments still preserved in the Rocky Mountain Belt of 
the Cordilleran Region. 

The Jura-Cretaceous revolution resulted in the deformation of the 
Central and Western belts of the Cordilleran Region on longitudinal 
axes, and the intrusion of the greater part of the plutonic rocks now 
forming the main mass of the Mainland Range and the cores of the 
Island Ranges. The ensuing period of erosion and sedimentation un- 
doubtedly reduced the Jura-Cretaceous mountain belt and perhaps 
obliterated it completely. In view of the considerable thickness 
(10,000 feet) of upper Cretaceous sediments now confined to a narrow 
belt on the northeast side of Vancouver Island, it is even possible that 
upper Cretaceous beds extended over the site of the Jura-Cretaceous 
orogen; but, since the source of the sediments would have been ex- 
hausted when the region was reduced to sea level, it is more probable 
that the Mesozoic came to a close with wide arms of the sea washing 
the margins of remnants of the Jura-Cretaceous mountain belt re- 
duced to insignificant relief. 

In the early Cenozoic the Cordilleran Region was again subjected 
to mountain-building forces and igneous intrusion. The region yielded 
mainly on its eastern flank, where the deep series of Cretaceous sedi- 
ments were deformed and uplifted to give the primitive Rocky Moun- 
tain Belt. The already folded Central and Western belts seem to 
have withstood compression except for local deformation of the weaker 
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sedimentary series, and to have yielded mainly by upward displace- 
ment. Whether the Western, or Pacific, Belt was at this time raised 
above the Central Belt, as it is now, or whether the two formed an 
essentially continuous plateau is not indicated by geologic evidence. 

The sedimentary record of events in the Pacific Mountain Belt from 
the early Eocene to the opening of the Glacial Period is very frag- 
mentary, and consequently there are few definite facts bearing on the 
history of this interval. Cenozoic deposits occur in a few scattered 
areas, mainly at the margins of the Intermont Valley Belt. The prin- 
cipal occurrence is in the vicinity of Vancouver, where a thickness of 
4000 feet of undeformed upper Eocene and lower Oligocene esturine 
sediments rest against the mountain slopes to the north and dip 
gently to the south, passing into the much thicker folded series of 
Puget Sound. These beds represent fluvial deposits brought down 
from a vigorously eroded highland lying to the east. Presumably 
the entire Pacific Mountain Belt was suffering similar rapid destruc- 
tion at this time. During the Miocene, marine sedimentation took 
place on the outer coast of Vancouver Island and on the Queen Char- 
lotte Islands, and in the Pliocene the latter area was the scene of 
vigorous vulcanism. 

In the coastland the deposits of the Pleistocene take the form of a 
massive sheet of drift, mantling the lower slopes of the Mainland 
and Island ranges and the margins of the Intermont Valley Belt. In 
the Vancouver district the drift is composed of at least two till sheets, 
separated by horizontal stratified deposits. The rivers and streams 
of the coastland have, for the most part, cut through the drift which 
obstructed their courses, but in places heavy deposits of moraine still 
form effective dams in the valleys. The deposits and sculpture of 
the Glacial Period indicate the action of an ice sheet moving south- 
westward from the Central Belt and across the Mainland Range by 
way of the transverse pre-Glacial valleys, reuniting in the Intermont 
Valley Belt and escaping to the sea through the breaches between the 
Island Ranges. The higher peaks of the Mainland Range doubtless 
emerged as nunataks even at the time of maximum glaciation, but 
many of the lower parts of the range were clearly overwhelmed by 
the ice sheet. Following a period of retreat, during which important 
bedded interglacial series were deposited, there ensued a period of 
heavy valley glaciation in which the ice strictly followed the exist- 
ing drainage channels. 

In post-Glacial time, minor dislocations and sporadic vulcanism 
have occurred, mainly on the flanks of the Mainland Range. Marine 
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terraces up to 600 feet above present sea level point to an intermittent 
regional emergence of that extent. Vigorous denudation of the Main- 
land and Island ranges by frost action, rock sliding, and rainwash, 
is supplying material to the present streams, which are carrying heavy 
loads and depositing them on rapidly advancing high-grade deltas at 
the heads of most of the fiords. Many streams have cleared their 
beds of drift, and most of these have accomplished an astonishing 
amount of bed-rock erosion, especially where they have entered verti- 
cal master joints. On the outer coast of the Island Ranges, powerful 
surf action is rapidly consuming the land, so that the present marine 
shelf is extending landward by abrasion and seaward by deposition. 

This, in briefest terms, is the outline of the history of the coastland 
insofar as it is definitely indicated by geologic evidence. Within this 
framework of established fact we shall endeavor to elaborate the 
geomorphic history of the region as it is suggested in the present 
form. 

ORIGIN OF THE CURVED PLAN AND GRAIN OF THE COASTLAND 

The arc-and-cusp plan of the circum-Pacific lineaments strongly 
suggests differential horizontal crustal displacement due to horizontally 
directed orogenic forces that caused a general oceanward yield of the 
crust, which was greatest in the middle of the arcs and least in the 
cusps. Since the batholithic rocks of the coastland show little evi- 
dence of post-intrusive deformation, the curved plan of the British 
Columbia are appears to have originated during the emplacement of 
the igneous rocks and, therefore, during the Jura-Cretaceous revolu- 
tion. Since the are faces the southwest, the horizontal forces which 
caused the yield in that direction were evidently directed from the 
northeast. 

The grain of the coastland, as defined by the gently curved trend 
of the folding and foliation, and the general trend of many geologic 
contacts and elongated rock units, is longitudinal and intimately con- 
nected with the curved plan. In view of the relatively feeble de- 
formational effects of Cenozoic earth movements in the coastland, it 
seems probable that the curved grain was impressed upon the region, 
together with the curved plan, during the longitudinal folding and 
general differential oceanward yield caused by the horizontal orogenic 
stresses from the northeast during the Jura-Cretaceous. 


ORIGIN AND HISTORY OF THE INTERMONT VALLEY BELT 
At the time of the greatest extension of the late Cretaceous sea 
the Coast and Island ranges were probably reduced to low relief, but 
it is difficult to believe that they were deeply buried by late Creta- 
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ceous sediments. It appears, therefore, that the thick narrow belts 
of upper Cretaceous sediments, preserved on the southwest side of 
the Intermont Valley Belt on the inner coasts of Vancouver Island 
and Graham Island in the Queen Charlotte group, were deposited in 
a deep structural depression extending the full length of the inner 
coast of British Columbia. This depression can hardly antedate the 
Jura-Cretaceous revolution; in all probability it originated at that 
period, as a persistent syncline which became a major longitudinal 
valley on emergence. 

Subsequent events have evidently greatly modified the ancient de- 
pression. At present the Intermont Valley Belt is flanked on the 
inland side by the Island Fringe, which is due, at least in part, to 
longitudinal marginal faulting of the Mainland Range. The bed of 
the depression is largely filled with recent sediments. In pre-Glacial 
time the depression was very probably a trunk river valley, and during 
the Ice Age it must have conducted the confluent valley glaciers of 
the Mainland Range to the sea by way of the north and south ends 
of Vancouver Island. It appears, therefore, that the Intermont Val- 
ley Belt originated as a major syncline caused by Jura-Cretaceous 
folding, and that it was subsequently modified by stream erosion, 
marginal faulting, and glaciation, together with repeated filling and 
re-excavation following the positive and negative vertical movements 
of the coastland. These subsequent events will have tended to in- 
crease the width of the original depression and to decrease its depth. 


ORIGIN OF THE CONCORDANT FRACTURE SYSTEM 

As stated in the descriptive part of this paper, the dominant frac- 
ture system of the coastland is a concordant system composed of 
longitudinal or circumferential fractures parallel to the curved north- 
westward-trending grain, and transverse or radial fractures crossing 
the grain nearly at right angles. Furthermore, this fracture system 
is followed by mineralized veins that are apparently associated with 
the batholithic rocks of the Mainland Range, the transverse veins 
being commonly fissure veins, whereas some of the longitudinal ore- 
bodies are mineralized shear-zones. Finally, it appeared that im- 
portant faulting had occurred especially along the longitudinal frac- 
tures. These facts indicate that the concordant fracture system origi- 
nated in crustal movements affecting the coastland after the main 
mass of the plutonic rocks had become rigid, but still during the 
period of post-intrusive mineralization, and, therefore, late in the 
intrusive period of the Jura-Cretaceous revolution. 
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The view reached regarding the nature of the Jura-Cretaceous de- 
formation seems to lead to a satisfying explanation of the origin 
of the concordant fracture system. If the coastland be regarded as 
a tabular body of rigid material undergoing deformation by dominat- 
ing horizontal forces acting from the northeast, causing differential 
horizontal displacement toward the southwest, with the development 
of an are bent away from the dominant pressure, then tensile stresses, 
as in a bent beam, would develop in the advanced part of the arc. 
These stresses would be relieved by tension fractures running normal 
to the directions of maximum tensile stress and, therefore, transversely 
to the grain or radially to the arc. It is not to be expected that such 
tension fractures should follow strictly straight radial directions. 
Although generally transverse, such fractures might deviate consid- 
erably from directly transverse courses, because of irregularities in 
the mechanical strength of the region; they might also change abruptly 
from the transverse to the longitudinal direction, the weak direction 
of the grain, and thus develop a cranked course with rectangular 
elbows. 

With the mode of deformation suggested, shearing stresses would 
also be set up along vertical planes parallel to the grain, and these 
would be relieved by longitudinal shear fractures of the shear type. 

If formed in the manner outlined, the transverse fractures would 
be open fractures, and when mineralized they would appear as fissure 
veins, as Schofield has observed. The longitudinal fractures would 
be closed fractures along which some horizontal differential movement 
would occur to relieve the shearing stresses. Mineralization of such 
ruptures would result in mineralized shear-zones such as Schofield has 
found usually to lie in the longitudinal direction. Both sets of frac- 
tures would provide ready-made planes of faulting when subsequent 
crustal unrest affected the region and caused differential movement 
between the already separated blocks. 


ORIGIN OF THE DISCORDANT FRACTURE SYSTEM 
In the early Cenozoic the Cordilleran Region was deformed, mainly 
in the Eastern Belt and to some extent in the Western Belt; the Cen- 
tral Belt largely escaped deformation. This suggests that the region 
was gripped, as in a vise, by comparable opposed horizontal forces 
acting transversely to the trend of the region and thus from the north- 
east and the southwest. Such forces, as in compression experiments 
with plastic materials, would cause the greatest deformation at the 
margins of the compressed belt and the least in the middle. 
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The discordant fractures of the coastland trend nearly north—south 
and east—west, diagonally to the concordant fractures and to the 
grain of the region. Since the discordant fractures are typically 
unmineralized they evidently did not exist at the time the concordant 
fractures were invaded by mineralizing fluids, toward the end of the 
Jura-Cretaceous revolution. It follows that the discordant fractures 
originated in the first subsequent disturbance to provide the appro- 
priate stress conditions. 

At the opening of the Cenozoic the foundation of the coastland is 
inferred to have been already ruptured by the concordant fracture 
system and thus separated into roughly rectangular or wedge-shaped 
blocks with sides trending generally northwest—southeast and north- 
east—southwest. To cause further fracturing of this already rup- 
tured substructure, stresses would have to be applied in a special 
manner. Tension or torsion would result mainly in widening the 
existing fractures, and compression, except in two special directions, 
would cause shearing along the already made planes of disruption. 
The special compression directions which would produce new frac- 
tures are the directions of the sides of the blocks themselves, namely 
northeast-southwest or northwest-southeast. 

The mode of deformation in the early Eocene, inferred from struc- 
tural considerations, provides precisely one of these special cases, and 
much the likelier one. Compressed between comparable opposed hori- 
zontal forces directed against the Cordilleran Region transversely to 
its trend, and therefore from the northeast and from the southwest, 
the existing joints running in those directions would offer no relief. 
Provided easiest relief was horizontal, failure would occur along the 
vertical planes of maximum shear, diagonal to the applied compres- 
sion, and therefore approximately north—south and east—west, the 
general directions of the discordant pattern. 

Figure 24 illustrates the inferred mode of formation of the two 
fracture systems. The arrows and fracture traces in full lines indi- 
cate the one-sided Jura-Cretaceous stresses and the resultant radial 
tension fractures and longitudinal shear fractures; the arrows and 
fracture traces in broken lines show the opposed early Eocene com- 
pressive forces and the diagonal shear fractures produced by them. 


PRE-GLACIAL ASPECT OF THE COASTLAND 

The foregoing paragraphs have dealt with remote tectonic events 
that appear to have important bearing on the general form of the 
coastland: the Jura-Cretaceous orogeny during which the region seems 
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to have been outlined as a pair of parallel mountain systems bent in 
an oceanward curving arc and riven by a system of longitudinal and 
transverse fractures; and the early Cenozoic orogeny, which re-elevated 
the obliterated Mesozoic orogen, further deformed its weaker parts, 
and apparently produced a new rectangular system of fractures placed 
diagonally to the older system. The deformation determined the 
geographic position and plan of 
the region and impressed upon 
it the indelible grain that has 
_ survived and controlled pro- 
longed erosion; the disruptions 
determined the pattern on 
which the agencies of erosion 
have boldly carved the present 
relief. In the following para- 
graphs the development of the 
present form will be considered 
in more detail, taking the later 
Pliocene as the time of com- 
mencement of the period of ero- 
sion which accounts for the 
main features of the present 
relief. 
Allowing for the erosion ac- 
complished in the coastland 
24—Inferred origin of the fracture  GUring Pleistocene and Recent 
tems of British Columbia time, the region appears to 
ing radial and longitudinal fractures. Arrowsand  fuvial dissection at the end of 
fractures in broken lines indicate the early Ceno- the Pliocene. From the rapid- 
zoic forces and the oblique shear fractures which i ty with which pos t-Glacial 


may have been caused by them. 

dissection is proceeding in the 
jointed batholithic rocks of the coastland, it seems certain that the 
youthful pre-Glacial cycle was either a new cycle recently begun or 
an old cycle strongly rejuvenated by a powerful regional uplift in 
the later Pliocene. The inherent unlikelihood of the coastland having 
been in a base-levelled condition in the later Pliocene favors the sec- 
ond alternative, which is also indicated by the form of the region. 
Neglecting irregularities evidently caused by accidents and interrup- 
tions of Pleistocene and Recent age, typical valleys in the lower parts 
of the coastland are essentially simple steep-sided incisions in a 
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plateau surface with a general height of 3000 to 4000 feet. In the 
higher parts of the Mainland Range, on the other hand, the sides of 
the larger transverse valleys rise steeply to 4000 or 5000 feet and 
thence flare widely to the summit level of 7000 to 10,000 feet. If 
these forms are essentially pre-Glacial forms, then the 2000—4000 
foot level near the mainland coast and the 4000—5000 foot level in 
the interior of the Mainland Range represent an upwarped base level. 
As will appear presently, the coastland evidently stood about 1000 
feet higher than now in late pre-Glacial time. Thus we are led to 
the conclusion that the pre-Glacial cycle commenced with the late 
Pliocene rejuvenation of an advanced preceding cycle, by a regional 
upwarp of roughly 3000 to 5000 feet on the coast and 5000 to 6000 
feet in the interior of the Pacific Mountain Belt. This upwarp ap- 
pears to have affected a region that was essentially base levelled near 
the coast and maturely dissected farther inland, with gently sloping 
residual mountains standing up to 5000 feet above the base level of 
erosion. 

Several authors have concluded that the coastland stood considerably 
higher at the opening of the Pleistocene than it does now. The con- 
clusion is based on three arguments. The typical drowned appear- 
ance of the coast suggests that the sum of Pleistocene and Recent 
movements amounts to a considerable subsidence. The conspicuous 
absence of considerable drift deposits on the outer coast indicates that 
during the Glacial Period the coast line lay some distance beyond the 
present shore, and that, therefore, the land stood higher than it does 
now.”® If the fiords are drowned river valleys that were deepened 
only insignificantly by glaciers, the pre-Glacial base level must be far 
below the present base level.*® Although the first two arguments are 
inconclusive and the third is invalid, if we admit considerable glacial 
overdeepening, yet the conclusion appears to be essentially justified and 
directly supported by the evidence of the submerged valleys in the 
continental shelf. 

Well-defined submarine valleys, such as the continuation of Juan 
de Fuca Strait (Fig. 1), are incomprehensible except as river valleys 
excavated at a time when the land stood high enough to bring the val- 
ley bottom above sea level. This conclusion is reached after examin- 
ing the possible alternatives. Only fluvial erosion under subaerial 
conditions could produce the channel which makes a nearly right- 


2G. K. Gilbert: op. cit., p. 162-165. 
8G. M. Dawson: On the later physiographical geology of the Rocky Mountains in Canada, 


Roy. Soc. Canada, Tr., vol. 8, pt. 4 (1890) p. 16-17. 
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angled bend around Cape Flattery and continues for 60 miles across 
the continental shelf, receiving at least one clearly defined tributary 
from the northwest at a distance of 30 miles from the present coast. 
It is, of course, possible that a valley glacier followed this channel in 
the early Pleistocene, when the land stood relatively high; and there 
is no objection to Shepard’s theory which suggests that similar sub- 
marine valleys are river valleys which were filled with sediment on 
submergence and subsequently re-opened by submarine land-sliding; 
but these considerations do not affect the conclusion that the channel 
was originally a river valley formed at a time when the land stood 
about 1000 feet higher than it does now. Similar less clearly defined 
submarine valleys exist elsewhere on the outer coast of the Island 
Ranges, indicating that the conditions which obtained in the south pre- 
vailed along the entire coast. The original excavation of the sub- 
marine valleys must be related to the most recent period at which the 
coastland was suitably elevated. It is possible that an adequate 
emergence occurred since the end of the Pliocene; but in the absence 
of any positive evidence for such an emergence, it is more probable that 
the elevated condition in question is that which resulted from the late 
Pliocene uplift. 

It may be concluded, therefore, that a regional emergence occurred 
in the later Pliocene, during which the coastland was raised roughly 
3000 to 5000 feet on the coast and 5000 to 6000 feet in the interior of 
the Pacific Mountain Belt, bringing the land about 1000 feet above its 
present position. The general pattern of the present drainage was 
evidently established at the time of this great uplift. Whether the 
main transverse streams already headed in the Central Belt and main- 
tained their courses against the upwarp that carried the Mainland 
Range above the Central Belt, or whether the transmontane connec- 
tions were developed later, is not certain. Where the writer has seen 
them, the transmontane valleys have the appearance of post-Glacial 
valleys where they enter the Mainland Range from the northeast. It 
is, therefore, quite possible, as Dolmage has suggested in conversation, 
that the transverse drainage connection between the Central Belt and 
the Western Belt was created by ice tongues from the Central Belt, 
wearing down divides that had migrated close to the inland margin of 
the Mainland Range, and that post-Glacial erosion re-sculptured the 
channels to give them their present canyon form. At the time of 
maximum elevation, the coast line must have been some distance be- 
yond the present 100-fathom line, and the Island Ranges must have been 
connected with the Mainland Range by broad valleys, along which 
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flowed large longitudinal rivers that received the waters of vigorous 
transverse streams from the adjoining ranges and flowed to the sea by 
way of valleys following Juan de Fuca Strait, Queen Charlotte Sound, 
and Dixon Entrance. By the beginning of the Glacial Period, the 
drainage system developed under the influence of the Pliocene uplift 
would have carved out a youthful valley system in the pre-existing 
mature surface. If this is a just conception of the later history and 
aspect of the pre-Glacial surface, then the present form of the coastland 
is the combined result of Pleistocene and Recent erosion, coupled with 
a net subsidence of about 1000 feet, of an immaturely dissected moun- 
tain belt. 
SCULPTURAL WORK OF THE PLEISTOCENE ICE 

Among the more evident effects of glacial erosion are: rounded and 
striated summits, ridges and islands of moderate height, planed and 
fluted rock surfaces on the floors and walls of valleys and fiords, spur- 
less walls and flaring U-shaped cross-sections of the troughs that were 
occupied by valley glaciers, cirques on the sides and heads of glaciated 
valleys, and the “horn-and-comb” topography resulting from the de- 
velopment of high-level cirques. These effects are indisputably due 
to glaciation, but their magnitude, easily estimated by comparison with 
corresponding unglaciated forms, is evidently not great. Less evident, 
but quantitatively more important, is the great and irregular over- 
deepening of valleys by the valley glaciers, with the formation of rock 
basins and the development of strong discordances between the levels 
of the floors of connecting depressions. 

The more evident effects of glacial erosion are clearly to be seen in 
the fiord-land of British Columbia wherever the rock forms are suf- 
ficiently free from the concealing forest cover. That the early con- 
fluent ice sheet accomplished some denudation of the lower residual 
masses is certain; and it is clear that the valley glaciers widened and 
straightened somewhat the valleys that they occupied, and deepened 
them in the irregular manner characteristic of glacial action. 

Nevertheless, evidence that these effects are of great magnitude is 
not easily found. The confluent ice sheet may have reduced the relief 
or may have accentuated it, but there is no indication of the actual 
amount of erosion so accomplished. As for the widening and straight- 
ening of valleys by valley glaciers, the typical British Columbian 
fiords are still notably narrow, and their straight, nearly spurless 
walls are in that respect not unlike those of the stream valleys that 
would normally be developed in a strongly uplifted jointed terrane. 
Furthermore, the persistence of the cranked plan in the glaciated val- 
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leys, normally developed in a joint-controlled stream system, indicates 
the inability of glaciers to effect much in the way of rounding valley 
curves. The flaring U-shaped sections of the fiord troughs are clearly 
the result of combined widening and deepening, and comparison of 
the U-form with the general V-form of a youthful fluvial valley af- 
fords a measure of the amount of material that was removed by glacial 
action. Although considerable, this amount is, however, clearly less 
than that removed in the pre-Glacial fluvial cycle. 

The notable discordances in level between the rock floors of glacial 
trunk and tributary valleys are generally accepted as giving a positive 
measure of differential glacial overdeepening. In the British Columbia 
coastland, however, such criteria cannot be accepted without reserva- 
tion. The post-Glacial joint-controlled trunk streams are now deepen- 
ing their valleys more rapidly than are their tributaries, and presum- 
ably the same relation prevailed during the development of the 
pre-Glacial valley system. Hence, the “hanging” relation of tributary 
troughs to main valleys may have been partly established before the 
glaciation of the area. 

There is, however, at least one acceptable proof of powerful glacial 
action that gives a positive measure of its extent, namely, the essential 
elongated basin form of the typical fiords and fiord-lakes. Having 
walls that converge toward the outlets and floors that rise to thresh- 
holds, some of which are certainly rock, some of the fiords are unques- 
tionably rock basins, with bottoms that, in the deepest ones, are as 
much as 2000 feet lower than their outlets. Although longitudinal 
tilting may perhaps account for the basin-like form of some fiords, the 
utterly unlikely complexity of the tilting that must be postulated to 
explain the whole network of basins makes tilting unacceptable as a 
general cause. As the basin form cannot be the result of fluvial action, 
it must be due to glacial over-deepening. The rock basins of the 
fiord-land thus give positive evidence of glacial overdeepening reach- 
ing a maximum of 2000 feet, and confirm the conclusion reached by 
Bancroft from a consideration of the less reliable relations of the hang- 
ing tributary valleys. 

The extreme advocates of glacial erosion argue that, if this action 
can result in overdeepening of the magnitude given above, there is no 
need to invoke regional subsidence to explain the present drowned 
aspect of fiord coasts. In British Columbia there is, however, inde- 
pendent evidence of subsidence, as already shown in connection with 
the submarine valleys. Thus the conclusion is reached that the depth 
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of the fiords is due jointly to great overdeepening and a net subsidence 
of about 1000 feet, to be discussed more fully in a following section. 

Hence, although glacial erosion has clearly moulded the land sur- 
face and further excavated the pre-Glacial valleys, the fiord system 
is not simply the result of the glaciation of the earlier topography, 
without regional subsidence. As the latest proved movement has been 
an intermittent post-Glacial uplift of 600 feet, it’ follows that the actual 
subsidence amounted to about 1600 feet and that it occurred in late 
Glacial or early post-Glacial time. 

POST-GLACIAL CHANGES 

As just stated, the latest important crustal movement for which 
there is direct evidence was an intermittent regional emergence of 
about 600 feet. This is attested by several well-defined post-Glacial 
beaches now at that altitude in widely separated parts of the coastland. 
The fact of Recent emergence is no disproof of the conclusion that the 
present drowned character of fiord coasts generally is due largely to 
regional subsidence. It is difficult to see how valley glaciers could 
dissect a coastland to such an extent that, after an emergence of 600 
feet, the dissected belt should form an island fringe having a maximum 
width of 50 miles, but with the intervention of a regional subsidence, 
from which the post-Glacial uplift was only a partial recovery, the 
drowned aspect of the littoral is easily understood. 

In view of all the known facts it seems certain, therefore, that a great 
subsidence occurred at some time since the beginning of the Glacial 
epoch and before the late partial re-emergence, and that its amount 
was equal to the depth to which the pre-Glacial topography is still sub- 
merged, as indicated by the submarine valleys in the Continental Shelf, 
plus the amount of recent emergence, or about 1600 feet in all. Sub- 
sidences are inevitably more difficult to prove than emergences, but in 
British Columbia the post-Glacial subsidence is clearly indicated by 
the evidence of the submarine valleys and is supported by the fact that 
it explains the existence of the present Island Fringe. 

Post-Glacial erosive processes are conspiring to destroy the harsh 
features that were engraved on the fiord-land during the rigor of the 
Glacial epoch. The steeper fiord-walls are slumping and sliding in 
their upper parts, and thus the unstable U-shaped cross-sections of the 
fiords are rapidly being replaced by the V-shaped profile of repose. 
Invigorated by the post-Glacial uplift, the present streams are carry- 
ing heavy loads down to the deltas at the heads of the fiords. Within 
the narrow confines of the fiords these deltas are advancing rapidly, 
some of them scores of feet since 1900; thus, the inhospitable tide-water 
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canyons must soon be filled with detritus and converted into fertile 
flat-floored valleys. If no further subsidence occurs, the Island Fringe 
will regain connection with the Mainland Range; gradually the elabo- 
rate fretwork of the mainland fiord-coast will vanish; slowly the Inter- 
mont Valley Belt itself will be filled to sea level; and finally the Island 
Ranges will again be the bulwarks of the continent, standing as 
moulded residual masses over a littoral with the simple outline of 
maturity. 
RESUME OF THE INFERRED DEVELOPMENT OF THE FIORD-LAND 

During the Jura-Cretaceous revolution the Western Belt of the 
present Cordilleran Region was deformed by horizontal forces acting 
from the northeast against less powerful resistance from the southwest, 
invaded by dioritic magmas and raised to a lofty mountain belt. The 
unbalanced horizontal forces bent the region into an outward-curving 
arc, impressed it with an indelible longitudinal grain, and rent it by a 
system of roughly vertical radial tension fractures and circumferential 
shear fractures. A major longitudinal downfold determined the course 
of a great strike valley which developed into the present seaway divid- 
ing the Mainland Range of the Western Belt from the Island Ranges. 

Demolished by erosion at the end of the Mesozoic, the region was 
again compressed in the early Cenozoic by horizontal pressure from 
the northeast acting against like resistance from the southwest, and 
raised as the primitive Western Belt of the present Cordilleran Region. 
This compression caused a system of vertical shear fractures set 
north—south and east—west, obliquely to the older system. 

The fiord-system is the lower part of an immature valley-system 
developed during an erosion cycle which was initiated or rejuvenated 
by a regional uplift of several thousand feet in the Pliocene, inter- 
rupted by a regional subsidence of about 1600 feet in the late Pleisto- 
cene or early post-Glacial and again by a regional uplift of about 600 
feet in Recent time, and profoundly modified by intense valley gla- 
ciation in the Glacial Period. The arcuate plan of the fiord-land, the 
reticulated pattern of the fiord-system, the general canyon form of the 
fiords, and a part of the discordances between the floors of trunk and 
tributary troughs are attributed to rapid pre-Glacial dissection of the 
deformed, fractured, and strongly uplifted continental margin. The 
depths of the fiord basins below their rock thresholds—2000 feet in ex- 
treme cases—part of the discordances between connecting basins, and 
most of the present sculptural detail are referred to the erosive activity 
of the Pleistocene ice. 
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Submarine valleys in the continental shelf support the presumption 
that the deeply indented coast with its wide island fringe owes its 
drowned appearance largely to a regional subsidence from which the 
post-Glacial uplift represents only a partial recovery. 

PRESENT CONCLUSIONS AND CURRENT THEORIES 

Like numerous other general problems in earth science, the problem 
of the origin of fiords has given rise to two opposed theories. In their 
extreme forms, which are found, however, only in the writings of their 
respective opponents, the tectonic theory and the glacial erosion theory 
are mutually exclusive; but as formulated by their advocates, the two 
theories have sufficient in common to suggest that a reconciliation is 
not impossible. 

Two distinguished, recently deceased geomorphologists may be re- 
garded as representative supporters of the opposed fiord theories: J. W. 
Gregory, for the tectonic theory, and W. M. Davis, for the glacial ero- 
sion theory. Impressed early in his career by the manifest geomor- 
phic effects of earth movements in East Africa, Gregory, in his numer- 
ous subsequent writings on the origin of land forms both above and 
below sea level, continually emphasized the importance of earth move- 
ments. In his treatise on fiords, he concluded that these forms are 
principally the result of fluvial erosion on fractured and uplifted table- 
lands of hard rocks bordering the sea. Vertical movements amounting 
to important net subsidences were believed to be the main cause of the 
depths of the fiord bottoms below sea level, but faulting was not 
claimed as a general cause of the formation of the troughs. It was 
freely admitted that most fiords owe the details of their forms to gla- 
cial erosion. Davis, on the other hand, maintained that a fiord sys- 
tem is the natural result of valley glaciation of a stable dissected 
coastal highland. That the pre-Glacial drainage may have been de- 
termined by systems of fractures was not denied, and the intervention 
of vertical movements was not excluded; but neither tectonic control 
nor tectonic activity was regarded as essential to the formation of 
fiords. 

The present study was concerned with the actual history of a typical 
fiord region, as far as it could be ascertained, rather than with a theo- 
retical consideration of the conditions and processes which might pro- 
duce a fiord system. It was found that earth movements, stream ero- 
sion, and glacial erosion had all played important parts in the physical 
evolution of the region. In agreement with the tectonic theory, it 
was found that the continental margin is a fractured and uplifted pla- 
teau that was deeply dissected before the Glacial epoch, that longi- 
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tudinal faulting contributed toward the formation of the Island Fringe, 
and that regional subsidence was partly responsible for the submerged 
condition of the fiord basins and the Intermont Valley Belt. In ac- 
cord with the glacial erosion theory, it was recognized that the fiords 
are pre-Glacial valleys whose troughed and basined forms are due to 
powerful glacial excavation. If homologous regions have similar his- 
tories, it seems reasonable to conclude that an equable combination of 
the essential requirements of the tectonic and the glacial erosion theo- 
ries may form an adequate solution of the general problem of fiord 
formation. 
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INTRODUCTION 


The transgression of the basal Pennsylvanian across the older strata 
of the Ozark region involves a wide variety of problems, some of 
them more or less unusual in character, through as varied a range of 
subjects as physiography, paleogeography, stratigraphy, structure, and 
sedimentation. On some of these, considerable detailed information 
is already available, but most of it is widely scattered through the 
literature, whereas on others practically nothing has been written. 
For over twenty years, the writer has been living in the center of this 
interesting area, and has had almost constant contact with its prob- 
lems, but not until recently has he realized that many of the condi- 
tions were more or less unique to the Ozark uplift. During the last 
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three or four years, there has been a growing conviction that here 
is a field for important research on a great variety of phenomena of 
vital significance. It has seemed worth while, therefore, to outline, 
in compact and available form, a brief statement of the problems 
intimately related to the basal Pennsylvanian transgression in the 
Ozarks, pointing out such facts as are already well established, and 
indicating fields open for significant future studies. 

The writer is indebted to his colleagues, Professor G. A. Muilenburg 
and Mr. J. S. Cullison, for a critical reading of this manuscript, and 
for numerous helpful suggestions in the preparation of the article. 


PRE-PENNSYLVANIAN AREAL GEOLOGY 


Remnants of Pennsylvanian strata are widely distributed over 
almost the whole Ozark upland, and indicate that the region has suf- 
fered comparatively little erosion since the recent stripping away of 
the younger strata. As a result of this condition, the map of the pres- 
ent areal geology is, in its major features, a good representation of 
the paleogeology at the beginning of Coal Measures time. To be 
sure, local valleys have been carved, resulting in outcrops that were 
not a feature of the older surface, but in general the belted distribu- 
tion of the earlier Paleozoic formations, with the oldest exposed in 
the St. Francois Mountain region of Iron, Madison, and adjacent 
counties, enclosed by successive bands of younger strata, reproduces 
with considerable accuracy the geology of the area, at the time Penn- 
sylvanian sedimentation was initiated. Even such details as the fact 
that the belts are much wider on the west than on the east side of the 
uplift, reflecting gentle west and much steeper east dips, is clearly the 
preservation of pre-Pennsylvanian areal distribution. 

On the extreme east flank, in southern Illinois, and on the south- 
west side, in northwestern Arkansas, the Pennsylvanian rests on beds 
of Chester age. In the Joplin region, the Chester is very local in 
its occurrence, with the Pennsylvanian overlapping it at many places, 
and resting on the Osage group. A study of the available maps indi- 
cates clearly that this patchy distribution of the Chester is the result 
of pre-Pennsylvanian erosion. That the same strata on the east flank 
show no such local remnants, on the pre-Pennsylvanian surface, is 
obviously the result of steeper dips on the east than on the west. 
This arrangement of the outcrops of the Chester, then, offers confirma- 
tion of the idea that the eastern flank of the Ozarks had, in pre-Penn- 
sylvanian times, just as at present, very appreciably steeper dips than 
the western. 
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In passing from the borders toward the center of the uplift, the 
Pennsylvanian strata rest on successively older formations. They are 
found on beds of Canadian age on the Salem platform, and on the 
crest of the dome they rest on formations as old as Cambrian. 

From these relations, we are clearly justified in assuming that the 
major structural doming of the uplift is pre-Pennsylvanian, with only 
minor modifications in more recent movements. It is certain that 
asymmetrical arching, followed by peneplanation, had exposed strata 
ranging in age from Chester down to Cambrian, in essentially their 
present arrangement, before the beginning of Coal Measures time. 


PRE-PENNSYLVANIAN TOPOGRAPHY 
LOCAL PRE-PENNSYLVANIAN RELIEF 


There is abundant evidence of a marked local relief on the surface 
over which the Coal Measures strata were deposited. In estimating 
the amount of this relief, however, there exists one danger of serious 
misinterpretation. Since the underlying strata are for the most part 
highly soluble limestones and dolomites, which then, as now, were 
doubtless honeycombed with solution caverns, it is not only highly 
probable, but almost certain, that, in many instances, the later col- 
lapse of cavern roofs has permitted the overlying strata to be dropped 
far below their original position. There is every reason to believe 
that such cases are numerous, and that in some of the larger ones, 
the Pennsylvanian materials have thus been dropped a hundred feet 
or more below their place of deposition. 

Perhaps the most striking example of such a case in the Ozark 
region is the spectacular coal pocket visible along United States High- 
way 66, nearly north of Anaconda, in Franklin County, Missouri. 
Canadian sandstones and dolomites crop out at the rim of the pit, 
which is of very limited diameter and roughly circular. Coal has 
been mined in this pit from the grass roots down to a depth of about 
140 feet, and it is reported, apparently on authentic evidence, that a 
drill hole at the bottom of the mine went through an additional 50 
feet, indicating a total of nearly 200 feet of coal. A study of the pit- 
filling shows that it is essentially free from the clastic talus which 
might be expected if it had been deposited in a pre-existing sink of 
this character, and the highly brecciated nature of the coal itself also 
furnishes evidence that it was precipitated to this level after its deposi- 
tion, by the collapse of a cavern roof. Additional evidence lies in the 
fact that between the coal and the wall of the sink is a thick envelope 
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of clay that could not, by any stretch of the imagination, be con- 
ceived as having been deposited as a lining to an essentially vertical- 
sided pit, before the coal was laid down. 

While few of the sinks in this region show fillings consisting of coal 
beds, there are many that contain shale and sandstone of Pennsy]l- 
vanian age. Some of them existed as topographic sinks, before the 
Pennsylvanian was laid down, but others apparently have undergone 
the same history as the coal pocket at Anaconda. No one knows how 
many of these there may be, but they are doubtless rather numerous. 

Cross-sections, later exposed by erosion through such filled sinks, 
might easily be interpreted as old valleys, and their vertical extent 
cited as proving the magnitude of the pre-existing relief. Exactly 
what such a case might demonstrate as to the relief on the buried 
surface is open to some measure of misunderstanding. If it is true, 
as many students believe, that few large solution cavities exist far 
below the bottoms of the deeper valleys of a region, then one might 
be justified in concluding that the lower portions of the deeper of such 
sinks mark about the level of adjacent valley floors. If such actually 
be the case, even the presence of these filled sinks would give some 
indication of the local relief. 

If, however, as others believe, numerous caves form far below the 
water table, and hence far below the bottoms of even the deeper val- 
leys, then the vertical range of such sink-fillings affords but little 
information regarding the relief on the pre-Pennsylvanian land surface. 

It therefore becomes necessary to determine whether Pennsylvanian 
sediments noted at abnormally low elevations were really deposited 
there, or were later dropped to that level by the collapse of caves. In 
this connection, slickensiding, brecciation, and crumpling are sug- 
gestive of such collapse. Not always, however, do they constitute 
safe criteria, because accumulation of muds on surfaces with steep 
slopes may result in contemporaneous landsliding and the production 
of features not easily differentiated from those developed by later 
collapse. It is desirable that criteria be established by which such 
distinctions can be made. So far as the writer is aware, this problem 
has never received even cursory consideration. 

It is probably safe, however, to conclude that where Pennsylvanian 
strata rest horizontally on underlying undisturbed beds with no evi- 
dences of irregular dips, slickensiding, brecciation, or crumpling, such 
occurrences represent strata lying where they were deposited. Local 
differences of elevation of such a contact, in a region of no folding, 
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constitutes a measure of the amount of local relief on the pre-existing 
land surface. 

There is abundant evidence from regions outside the Ozarks that 
the pre-Pennsylvanian topography was at least moderately rugged. 
Petroleum geologists working in Kansas and Oklahoma have long 
known that the base of the Pennsylvanian was deposited on a very 
uneven land surface. In Iowa, Lugn' has described a relief of from 
100 to 200 feet on the Mississippian-Pennsylvanian contact, and re- 
ports that “it has the characteristics of mature topography.” His evi- 
dence, like that from Kansas and Oklahoma, is all secured from drill 
records, however, and there is always the possibility that later col- 
lapse may be an overlooked factor in such determinations. It is 
interesting to note that Hyde? has found a relief of 200 to 300 feet 
along the outcrops of the same contact, in southern Ohio. No infor- 
mation is presented, however, that would enable one to determine how 
much, if any, of this variation in the elevation of the base of the Penn- 
sylvanian might result from later cavern collapse. 

For this reason, it has seemed advisable to study the contact care- 
fully in the field, to see how definitely one could establish the actual 
amount of pre-Pennsylvanian relief. 

At one locality just south of Knobview, on the Phelps County-Craw- 
ford County line, Pennsylvanian shales and sandstones are found in 
undisturbed relations, resting at an elevation of about 1000 feet on 
horizontal strata of the Roubidoux formation, of Canadian age. On 
a nearby hill, younger Canadian strata are found slightly over 150 
feet higher, with no evidence of faulting or other disturbance. A short 
distance to the northeast, the Pennsylvanian is again seen resting on 
the Roubidoux, at about 1000 feet elevation. At the latter locality, 
the evidence of undisturbed position is less convincing, but there seems 
to be little question, even here, that the younger Canadian beds were 
eroded away, and the Roubidoux exposed, before the Pennsylvanian 
strata were laid down. 

The old land surface had a relief as great as 150 feet in a distance 
of less than a quarter of a mile, before the younger strata were 
deposited. There are many other places where similar differences of 
level of the base of the Pennsylvanian can be seen, and some in which 
the difference is even greater, but in few that the writer has seen are 


2A. L. Lugn: The Mississippian-Pennsylvanian and Pennsylvanian-Pleist wu formi: 
ties in Luca County, Iowa, Iowa Acad. Sci., vol. 32 (1925) p. 353-355. 
2J. E. Hyde: Notes on the absence of a soil bed at the base of the Pennsylvanian of southern 


Ohio, Am. Jour. Sci., vol. 31 (1911) p. 558. 
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the indications of undisturbed position as convincing as in this case. 

It is altogether probable that careful study of this contact, how- 
ever, would reveal additional localities in which the evidence of 
pronounced local relief of the pre-Pennsylvanian topography is clear. 
It is certainly to be hoped that similar outcrop studies will be made 
along this contact, in regions outside the Ozarks, with the object of 
discriminating between actual pre-Pennsylvanian topographic relief 
and secondary features resulting from solution. It is only by such 
studies that the data secured by drilling, relative to the uneven char- 
acter of the pre-Pennsylvanian surface, can be verified. 


PRE-PENNSYLVANIAN KARST TOPOGRAPHY 

In considering this topic, there are at least three types of occurrences 
that may be encountered, among which critical discriminations are 
essential, but not easy to make. These are, actual pre-Pennsylvanian 
valley systems, pre-Pennsylvanian sinks, and post-Pennsylvanian 
sinks of the sort already described. Seen in cross-section these three 
may seem much alike. There have been many references in the litera- 
ture to the karst topography of the pre-Pennsylvanian land surface 
throughout the Ozarks. These features have been thought to play 
an important part in the economic geology of the state, and have been 
described by Crane * in connection with the “filled sink iron ores” of 
the Central District, and by Buckley and Buehler,‘ in discussions of 
the zinc and lead ores of the Tri-State District. 

The writer has been unable to find any critical discussion of criteria 
for discriminating between the three similar types of phenomena to 
which reference has been made in the preceding paragraph. Naturally, 
the presence of a completely encircling inward-dipping “rim rock,” 
such as is described * for many of the filled sink iron deposits, offers 
confirmation that the occurrence is a sink and not a true erosion chan- 
nel. On the other hand, it appears to afford no basis for determining 
whether the actual formation of the sink was before or after the depo- 
sition of the Pennsylvanian sediments now occupying its center. Of 
one such sink, near Cooks Station in Crawford County, Crane ® re- 
ports that the filling contains coal “which is much disturbed and pre- 
sents more nearly the appearance of having settled into a post-Penn- 
sylvanian sink through the solution of the underlying strata.” This 


3G. W. Crane: The iron ores of Missouri, Mo. Bur. Geol and Mines, 2nd ser., vol. 10 (1912). 

4E. R. Buckley and H. A. Buehler: The geology of the Granby area, Mo. Bur. Geol. and 
Mines, 2nd ser., vol. 4 (1905). 

5G. W. Crane: op. cit., p. 90. 

*G. W. Crane: op. cit., p. 99. 
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is one of the few critical comments to which the writer can find refer- 
ence, regarding evidence as to the date of the sink formation, along 
the basal Pennsylvanian contact. The writer has also, in an earlier 
section of this paper, cited the much disturbed character of the coal 
in the Anaconda pit, with the same interpretation, and has called at- 
tention to the absence of the detrital matter in the coal seam, as proof 
that its deposition could not have occurred in a deep, narrow, steep- 
sided pre-existing sink. 

In general, disturbed condition, including brecciation, slickensides, 
and crumpling, must be used as an explanation, with great caution, 
since deposition on steep topographic surfaces, as already suggested, 
can result in contemporaneous landsliding, with the development of 
more or less analogous features. It is to be feared that not a little of 
the discussion of karst topography at this contact is based largely on 
the known solubility of the underlying strata, and on the assumption 
that karst features might be expected. While the writer is convinced 
that pre-Pennsylvanian karst topography was actually present, he 
doubts whether most writers have critically evaluated the phenomena, 
to discriminate between actual karst and similar related features. As 
yet, satisfactory criteria for their discrimination do not seem to have 
been developed. This affords an interesting and not unimportant field 
for future study. 

PRE-PENNSYLVANIAN EROSION CHANNELS 

Similarly, criteria for distinguishing between filled sinks and filled 
erosion channels are in an unsatisfactory stage. To be sure, an en- 
tirely encircling “rim rock” clearly marks a sink, and not a true ero- 
sion channel. But in many cases, exposures are not sufficiently ex- 
tensive to make a determination of this sort possible. And where 
sediments have accumulated on steep valley sides, contemporaneous 
landsliding may result in structures that are not easily discriminated 
from the secondary disturbances produced by cavern collapse. 

There is reason to believe that in numerous localities, the basal 
Pennsylvanian was probably deposited in pre-existing valley systems. 
Since the filling was so much less resistant than the enclosing rock, 
many of the present valleys are etched out by removal of the younger 
filling, and coincide more or less closely with the pre-existing courses. 
This tendency for the superimposed streams to ultimately ‘meander 
into the pre-Pennsylvanian channels” has been noted by Buckley and 
Buehler ” in the Granby area. 


7E. R. Buckley and H. A. Buehler: op. cit., p. 28. 
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The presence of long narrow winding patches of Pennsylvanian, at 
the same level as older strata on both sides, is one item that points to 
the probability of filled erosion channels. Many such are known at 
various points within the Pennsylvanian, and these are often desig- 
nated as “shoe string” sands. Similar features should be common at 
the base of the series. The remarkably long narrow winding belt of 
Pennsylvanian in Dade and Lawrence counties is quite probably the 
preservation of such an old filled valley cut into the underlying Mis- 
sissippian beds, during the pre-Pennsylvanian erosion interval. 

How much of the local irregularity of level at the base of the Coal 
Measures results from post-Pennsylvanian caving, how much from 
pre-Pennsylvanian karst topography, and how much from pre-Pennsy]- 
vanian channels of normal erosion will probably never be completely 
determined, but there is every reason to believe that all are factors, and 
important factors, in producing the observed conditions. Certain 
criteria have been suggested which may serve, under favorable cir- 
cumstances, to aid such discrimination; and it is to be hoped that 
future studies may develop still other useful lines of evidence. 


MAJOR PRE-PENNSYLVANIAN LAND FORMS 

The major topographic features of the present Ozark upland are 
certainly the two extensive levels commonly referred to as the Salem 
platform and the Springfield platform. These broad surfaces coin- 
cide, to a remarkable degree, with the base of the local patches of the 
Coal Measures Series, thus indicating that pre-Pennsylvanian levels 
were widely developed in the region, and that these have been re- 
exposed by the stripping away of the younger strata. 

That these older topographic surfaces were true peneplains, and 
not stripped structural plains controlled by resistant beds, is abun- 
dantly testified, however, by the manner in which they bevel the older 
strata and truncate pre-Pennsylvanian faults of considerable displace- 
ment. 

Nevertheless, it must not be thought that the present surface is 
merely the resurrected older peneplain. Across certain down-faulted 
blocks, this general level actually truncates strata of Coal Measures 
age. And even more significant is the fact that as the peneplain is 
traced north and east, it clearly bevels the Pennsylvanian series. 
Therefore, we have definite evidence that there was post-Pennsylvanian 
planation, but that throughout the central part of the uplift, the later 
plain coincides closely with the older surface, and where this coin- 
cidence is most nearly complete, the contrast in resistance between the 
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overlying weak and the underlying harder strata has resulted in a 
process that may be described essentially as the stripping of the older 
plain. 

Whether the Springfield platform and the Salem platform were 
separated then, as now, by the Burlington escarpment, is less certain. 
Unfortunately, little of the area near the base of the escarpment has 
been studied in detail, and it is not known how close to the base local 
patches of Pennsylvanian occur. A few have been reported on the 
lower erosion surface, not far from the scarp, but, so far as the 
writer can learn, these have not been studied in detail, and it is im- 
possible to say whether they were deposited at this level, or were 
dropped by later cavern collapse. It will require careful study of this 
point, to determine with certainty whether the escarpment was al- 
ready in existence when the Coal Measures strata were laid down. 

Since the relation of alternating weak and resistant strata on the 
then-existing surface was favorable for the production of a regional 
escarpment, and since the region, after peneplanation, was sufficiently 
rejuvenated to permit considerable dissection, before burial, it is more 
than probable that the escarpment was already a distinct feature of 
the landscape before the initiation of Coal Measure sedimentation. 
This problem is one that merits more careful study, and with increased 
regional information, its solution should not be difficult. 

The conspicuous knobs near Knobview on the Phelps-Crawford 
county line are really monadnocks above the present Salem platform. 
That these knobs existed as landmarks on the pre-Pennsylvanian sur- 
face is indicated by the fact that Canadian cherts are found to their 
tops, though the surrounding plain is covered with patches of a thin 
Pennsylvanian veneer. 

YOUNGER PENEPLAIN IN THE OZARKS 

In spite of the fact that Marbut,’ in his discussion of the physiog- 
raphy of the Ozark upland, reports that “in Missouri there is no evi- 
dence of more than one cycle,” the writer is convinced that there is 
another lower and younger peneplain, of very limited area, but in 
widely distributed fragments. 

Along the Bourbeuse, the Meramec, the Gasconade, and perhaps on 
other streams, there are broad shallow trenches, from two or three 
to eight or ten miles in width, and from a few feet to perhaps a hun- 
dred feet below the general upland. These were quite obviously at 


8C. F. Marbut: Physical features of Missouri, Mo. Geol. Surv., vol. 10 (1896) p. 26. 
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one time the floors of the fully matured, widely meandering ancestors 
of the rivers named above, carved into the upland plain as a result of 
a slight uplift. Long before the intervening divides were cut away, 
another and greater uplift caused the meandering streams to cut deep 
narrow gorges into the floors of the old broad mature valleys. 

That the floors of these broad trenches are true beginnings of an- 
other and younger peneplain admits of no doubt, for, like the upper 
plain, they clearly bevel the strata, and are not upheld by any re- 
sistant formation. 

As yet no data are available for determining the time of these 
events. At several places on the floors of the broad mature trenches, 
patches of Pennsylvanian have been found. This would suggest that 
the trenches may have been carved in pre-Pennsylvanian time, filled 
by those strata, and later re-excavated. Such an assumption is wholly 
unjustified until it is determined with some certainty whether these 
patches lie undisturbed where they were deposited, or whether they 
were dropped to this level as a result of later solution phenomena. 
This problem, also, needs more study, before any satisfactory answer 
is possible. 

In interpreting the history of this region, we are, therefore, again 
confronted with the importance of developing criteria for determining 
those phenomena which result directly from deposition on the uneven 
surface and those produced by subsequent collapse. 


BASAL PENNSYLVANIAN SEDIMENTS 
BASAL CONGLOMERATES 

Since the Pennsylvanian strata were deposited over a deeply weath- 
ered and considerably eroded basement of older beds, one should ex- 
pect to find a well-developed basal conglomerate at the contact. Such 
a basal bed does actually occur at many localities. Because the only 
resistant type of material in the underlying limestones and dolomites 
is chert, the enclosed fragments are chiefly of that substance. The 
pebbles and boulders in it are characteristically angular, and the 
material corresponds more nearly to the usual conception of a breccia 
than of a conglomerate. It is not greatly different from the angular 
debris now forming over the same exposed surfaces, and it is essen- 
tially of the nature of so-called talus breccias, or residual breccias. 

A particularly interesting type of this basal conglomerate has been 
described in Miller County,® where it has been called the Saline Creek 


*°S. H. Ball and A. F. Smith: The geology of Miller County, Mo. Bur. Geol. and Mines, 2nd 
ser., vol. 1 (1903) p. 92-95. 
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Cave Conglomerate. It consists of large irregularly distributed 
masses of non-bedded sandstone, containing angular blocks of chert 
and limestone up to 18 feet in diameter. This is believed to be the 
initial material of the encroaching Pennsylvanian sedimentation in 
sink holes and even in caverns of the pre-existing land surface. It is 
only a lithologic variety of a more extensive basal layer, and there 
was probably no intent on the part of Ball and Smith, in using a local 
name, to imply that it was of formational rank. 

Similar masses, interpreted as cave fillings, are described in the 
Rolla quadrangle,’® where their less conglomeratic phases have been 
called “Blossom rocks.” In this report, the fact is stressed that these 
deposits may well belong to any age during which conditions for cave 
and sink formation and filling existed. The importance of this cau- 
tion can not be ignored. Since Middle Devonian has been found in 
local patches on the Ozark upland, resting on beds of Canadian age; 
since innumerable patches of Mississippian occur deposited on the 
same basement; since that basement was widely exposed in post-Mis- 
sissippian and pre-Pennsylvanian time; and since it has been again 
extensively uncovered after the Pennsylvanian was stripped away; 
therefore, it is highly probable that such cave fillings have been 
formed at numerous times from Silurian to Recent, and it may well be 
that those exposed at the present time are of widely differing ages, but 
so similar lithologically as to be wholly indistinguishable. 

Where these deposits lie within hollows of the Mississippian, and 
grade upward into overlying Pennsylvanian sandstones, they may 
safely be assumed to be a truly basal deposit of the overlying strata. 
In many other localities their close association with the white and 
purple shales, high alumina clays, and coals, so characteristic of that 
age, affords strong presumption that they are true Pennsylvanian. 

These peculiar deposits occur very widely over all parts of the Ozark 
region, and in almost every locality some of them show associated 
materials such as to suggest that they are of Coal Measures age. 
Others are admittedly indeterminate. 

Evidently the encroachment of Pennsylvanian sedimentation over 
the Ozark area was not accompanied by conditions suitable for the 
rounding of the fragments in the accumulated residual soils. Un- 
doubtedly, their lack of rounding is a highly significant factor in cal- 
culating the physical conditions of that time. 


10 Wallace Lee: Geology of the Rolla quadrangle, Mo. Bur. Geol. and Mines, 2nd ser., vol. 12 
(1913) p. 45-51. 
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This peculiar characteristic of the basal conglomerates of the Coal 
Measures series has resulted in their being mistaken for fault breccias, 
as has been pointed out by Buckley and Buehler,“ in the Tri-State 
District. 

Any careful study of the areas where highly cherty limestones have 
undergone extensive solution shows clearly that very similar breccia- 
tion is produced in the more brittle cherty layers, by the uneven set- 
tling of the enclosed limestones. Such beds of chert breccia, consist- 
ing of sharply angular fragments, may not infrequently be seen in 
horizontal position, lying wholly within a single formation. The brec- 
ciation is confined to one or two thin beds, and does not extend into 
the underlying or overlying strata. That the material is actually a 
solution breccia and not a conglomerate can, in many places, be proved 
by tracing the bed laterally along the outcrop into solid unfractured 
chert. 

Not uncommonly the fragments of such a solution breccia have been 
re-cemented with secondary chert into a completely indurated mass. 
In some cases the solution breccias have been produced in highly 
cherty dolomites of the Gasconade formation, underlying the Roubi- 
doux sandstone. In such instances the sand may be carried down 
into the cracks between the chert fragments, so that when the breccia 
is finally cemented, the matrix appears to be a sandstone. Such a 
solution breccia may not be distinguishable from a bed of conglom- 
erate, especially after it has been left as isolated blocks on the erosion 
surface. 

Similar solution breccias with sandy matrix have probably been 
formed in place at the contact of the Pennsylvanian and the under- 
lying Canadian cherty dolomites. In this case they not only re- 
semble basal conglomerates but also occupy the stratigraphic position 
natural to such conglomerates. 

Solution breccias are extremely abundant in the Ozark region in 
almost all strata across which the Pennsylvanian transgresses, and 
they make much more difficult the identification of the real basal con- 
glomerates of the overlying beds. 


SOURCE OF THE SAND 

Since considerable areas of Ordovician sandstone were exposed on 
the pre-Pennsylvanian surface, it is believed that these strata, par- 
ticularly the Roubidoux and the St. Peter, contributed sand in im- 


11 E. R. Buckley and H. A. Buehler: The geology of the Granby area, Mo. Bur. Geol. and 
Mines, 2nd ser., vol. 4 (1905) p. 28, 32-33, 79. 
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portant quantities to the rocks of the lower Coal Measures. As yet, 
very little has really been done to compare the basal Pennsylvanian 
sandstones and those of the older series, with regard to mechanical 
analyses, heavy mineral content, mica content, and rounding and 
frosting of grains, but enough has been noted to suggest quite strongly 
certain tendencies. It is probable that a really systematic sampling 
of the basal Pennsylvanian to the east, in Illinois, and to the west, in 
Oklahoma, and comparison with the basal portion in the Ozark region 
would show marked differences, chiefly attributable to Ordovician sands 
contributed from the central Ozarks, but which were not available for 
incorporation, in the surrounding regions. 

The resemblance of the local Ozark phase of the Pennsylvanian to 
the older sands is clearly shown by the fact that most of the isolated 
patches of Coal Measures sandstones in the Ozark uplands were 
mapped and described in earlier geological survey reports !* as the 
“Saccharoidal” sandstone, the term employed at that time to desig- 
nate the St. Peter. 

The author and his colleagues at the Missouri School of Mines have 
already begun systematic studies of the local sandstones, both of Or- 
dovician and of Pennsylvanian age, for comparative purposes, and as 
rapidly as time and resources will permit, it is hoped to extend the 
areas embraced in these studies. It is believed that this is a field 
where the careful application of modern methods of sedimentary 
petrography may supply valuable data for paleogeographic studies. 


LOCAL STRUCTURES OF THE BASAL PENNSYLVANIAN 


It has already been suggested that there is more than one important 
cause of abnormal local structure in the basal Pennsylvanian strata. 
One of these is the development of initial dips on the uneven surfaces 
of sedimentation; another is contemporaneous landsliding, which is 
likely to be an important feature wherever sediments accumulate on 
steep slopes; still a third is later solution, with accompanying settling 
of the overlying rocks either slowly or suddenly. Features from the 
Alps, of the general character indicated above, have been described in 
detail by Ryniker.** He believes that the features he observed all 
result from later landsliding, in a major interglacial epoch. In the 
region of the Ozarks the more or less analogous phenomena result, not 


12 Reports on the Geological Survey of the State of Missouri (1855-1871). 
18 Karl Ryniker: Geologie der Seekette zwischen Biel und Ligerz, unter besonderer Beriick- 
sichtigung der anormalen Lagerstétten in der untern Kreide (sog. Hauterivientaschen), Eclogae 


geologicae Helvetiae, vol. 17, no. 1 (1923). 
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only from later landsliding or collapse, but also, almost certainly in 
part, from initial dips, and, in part, from contemporaneous landslid- 
ing. Some of these phenomena are of sufficient interest to merit indi- 
vidual consideration. 

BRECCIATION 

Basal Pennsylvanian conglomerates, or, perhaps it might. be more 
accurate to say, basal breccias, with all the physical characteristics of 
ordinary dynamic breccias, are widespread and abundant throughout 
the Ozark region. There are also evidences of true brecciation in the 
basal Pennsylvanian strata, and at least two processes may be con- 
sidered factors in the production of such breccias. One is contem- 
poraneous landsliding as the sediments accumulated on steep topo- 
graphic slopes. The other is later landsliding, of which subsequent 
cavern collapse is the most spectacular phase. 

That some, at least, of the angular material at the base of the Coal 
Measures series is really a true breccia, produced by movement, and 
not an angular basal conglomerate, is rather clearly testified by the 
relation of individual angular blocks to each other; this relation being 
such that it is easy to see, by the way the fragments fit each other, 
just how they were broken apart. It is probably true that such a 
relation could exist in a residual or talus breccia, later incorporated 
in situ into the base of the Pennsylvanian, as a basal conglomerate. 
But the presence of such intimate positional relations would surely 
be rather highly exceptional; and abundant fragments, particularly in 
a series of several pieces obviously part of a single block, would point 
to a true dynamic breccia, produced by movement. 

The author has already called attention to the broken character of 
the coal in some of the sinks as evidence of later fracturing resulting 
from a caving produced by subsequent solution. Since coal would 
probably not accumulate on slopes steep enough to produce con- 
temporaneous movement, nor be sufficiently carbonized during deposi- 
tion to be subject to fracture, its intensely broken character may be 
taken as definite evidence of later movement. 

The differentiation between contemporaneous and subsequent move- 
ment may be less easy in other types of sediments. Crumpling of cer- 
tain thin beds between enclosing unfolded strata, while a common re- 
sult of landsliding during accumulation, might also be produced by 
subsequent movements, and its association with breccias is probably 
not diagnostic. In fact, it is more than likely that under certain con- 
ditions the structures produced by contemporaneous movements can- 
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not be distinguished. Perhaps, indeed, it may be true that the chief 
reason for suspecting contemporaneous sliding resides, not in any di- 
rect evidence, so much as in realization that conditions at the initiation 
of Pennsylvanian deposition must have been particularly favorable for 
the generation of such movements. 

In general, it is probably true that contemporaneous slipping occurs 
only in sediments too little lithified to be subject to fracture, but where 
large thin slabs of the underlying strata are involved in the landslide, 
as they undoubtedly are in certain cases, they may undergo consider- 
able fracture and brecciation, with the less consolidated muds forced 
into the openings between the older fragments. Materials believed to 
be of this origin have been noted at several places. Since much of the 
basal Pennsylvanian shale is but slightly indurated, and is subject to 
easy flowage when saturated, it is at least possible that the cases noted 
may have resulted from subsequent slippage. 


CRUMPLING 

At several points where new road cuts have exposed the Pennsyl- 
vanian, minute and very complicated crumpling has been noted in the 
shales. It is similar to the complex structure noted in some of the 
glacial lake clays of the northern States, which has not uncommonly 
been ascribed to iceberg push. This crumpling has never been noted 
on natural exposures, and is not usually preserved long after it is un- 
covered and exposed to the weather. 

In all cases which the writer has seen there seems to be evidence 
that the shales rest on steep pre-Pennsylvanian topographic slopes, 
under conditions favorable to sliding during accumulation, but there 
is always the possibility that the movement was much later, and that 
the poorly lithified shales crumpled easily. Thus far, the writer can 
suggest no satisfactory criterion for distinguishing these possibilities, 
and further studies are desirable. 


DIPS AND LOCAL DISCORDANCE 
At many localities where the base of the Pennsylvanian is exposed, 
the formations are seen to dip rather steeply. In some instances, the 
dips are limited to the older strata, and the Pennsylvanian is horizon- 
tal. In others, the older beds are horizontal, and the younger consid- 
erably inclined. And in many cases both the underlying and the over- 
lying strata dip about equally. Each instance affords a separate 
problem. 
Where the older strata dip, and the Pennsylvanian is horizontal, the 
local discordance has usually resulted not from normal diastrophic 
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movements, but from solution structure in the basal strata, producing 
“dipping rim rocks” about sinks. These were truncated by erosion be- 
fore the Pennsylvanian was deposited. In a few rarer cases, the ob- 
served dips may be the result of drag along pre-Pennsylvanian faults. 

Where the Coal Measures formations dip and the older strata do 
not, it is rather obviously an example of initial dip on a pre-Pennsyl- 
vanian hillside on which the older formation cropped out in horizontal 
position. Such an instance constitutes one of the most obvious proofs 
of true initial or depositional dip, the horizontal position of the under- 
lying strata affording the desired evidence of lack of subsequent move- 
ment. A case of this sort is shown by Buckley and Buehler ** in one 
of their diagrams, but the relations are not described. 

If the strata below and those above the unconformity both dip, the 
cause is usually subsequent solution in the underlying limestone or 
dolomite sequence, with resulting settling of the strata. The most 
striking examples are actually the result of cavern collapse. 

There are some cases in which the dips of the older strata coincide 
with the slope of erosion surface before the younger deposits were 
laid down. Such dips may have been merely hillside slump in a con- 
siderably dissected region or solution structure in the underlying dolo- 
mites or limestones. Whenever these dips coincided with the existing 
topographic slopes, conditions were favorable for the production of 
more or less coincident initial dips in accumulating sands and muds of 
the basal Pennsylvanian. Many places have been noted in the field 
where the dips in the older strata were clearly slump on pre-Pennsyl- 
vanian hillsides, and the prevalence of this condition has been empha- 
sized by Buckley and Buehler ** in their diagrams, though they dis- 
cuss none of the criteria useful in their recognition. 


LOCAL INVERSION OF SEQUENCE 


At least two conditions may have produced local inversions of the 
normal sequence of age relations at the base of the Pennsylvanian. 
One of these is contemporaneous landsliding, which would permit large 
insecurely perched blocks of Canadian on the old hillsides to slide down 
onto, and perhaps a considerable distance out over, the accumulating 
Pennsylvanian sands and muds. This relation could be proved only 
when the overlying older mass is wholly exposed, and shown to be 
isolated from its source. 


144E. R. Buckley and H. A. Buehler: The geology of the Granby area, Mo. Bur. Geol. and 
Mines, 2nd ser., vol. 4 (1905) pl. XXXIV. 
18 Op. cit., pls. IX and XXXVII. 
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In certain highway and railroad cuts, yellowish highly argillaceous 
dolomites, very similar to occasional layers in the underlying Canadian 
sequence, have been noted intercalated with the typical purple clays of 
the basal Pennsylvanian. For many years, these were interpreted by 
the writer as blocks of the older system incorporated into the younger, 
by landsliding during deposition. More recently, however, others have 
thought that this material was itself of Pennsylvanian age, and at 
present that seems the more probable interpretation. However, the 
problem should be studied more carefully than has yet been done, be- 
fore a final decision can be reached. 

Another possibility, and one of not a little interest, is the actual 
deposition of Pennsylvanian under overlying older strata. This can 
be accomplished either in caves or under overhanging cliffs. In the 
Ozark region, many irregular masses of sandstone may be seen in cliff 
faces, in such position as to show clearly that they were introduced, 
subsequent to the deposition of the limestone strata, as fillings of 
caverns. Usually it is possible to say with any certainty only that they 
are of later age than the enclosing limestone or dolomite, but in a few 
cases the presence of coal or of the peculiar purple clays so characteris- 
tic of the lower Pennsylvanian of the Ozarks, indicates their age with 
some degree of assurance. 

Unless the entire body is exposed in cross-section, it may not be 
possible to determine whether the unusual deposit was actually laid 
down in a cave or merely under an overhanging ledge, although there 
is no essential difference in relations. In either case, the younger strata 
were actually deposited under the older, though only very locally, thus 
producing an inverted order of age relations. It should, of course, be 
realized that in such a case, though the age order is locally reversed, 
both series are right side up, the beds clearly not being overturned. 

Ulrich’s ** contention, some years ago, that this might well be the 
solution to the very puzzling age relations of a certain “ledge” near 
Philipsburg, Quebec, received not a little discussion. The writer has 
no personal knowledge of the case in point, but is ready to bear wit- 
ness to the fact that similar reversals of age relations at the contact be- 
tween the Pennsylvanian and the older strata in Missouri are definitely 
known, and are probably much more common than has been realized. 
It is a type of occurrence to be expected in any region where condi- 
tions of sedimentation encroach over a considerably dissected lime- 
stone terrane. 


1%6E. O. Ulrich: Naylor ledge, a marine limest of Canadian age filling caverns in upper 
Ozarkian formations, Geol. Soc. Am., Bull., vol. 42, no. 1 (1931) p. 348. 


3 
q 
3 
q 
i 
j 
a 
% 
4 
i 
| 
ae 
4 
i 
t 


714 cc. L. DAKE—BASAL PENNSYLVANIAN TRANSGRESSION IN THE OZARKS 


SUMMARY 


The writer has attempted to show that the paleogeology of the 
Ozarks at the beginning of the Pennsylvanian time was in its larger 
features that of today. 

On this surface there was a rather rugged relief, in which both karst 
features and normal erosion channels were undoubtedly factors, though 
criteria for distinguishing between the two are not yet fully worked out. 

It is believed that the present major peneplain of the area coincides 
rather strikingly with a pre-Pennsylvanian peneplain, and was in part 
controlled by a stripping of the older surface. There is even reason 
to believe that some of the minor topographic features are, in part at 
least, re-excavations of the pre-existing land forms. 

Attention is called to the breccia-like character of the basal con- 
glomerates of the Coal Measures Series, and to the errors of structural 
interpretation that have resulted from this similarity. 

The resemblance of the basal Pennsylvanian sands to those of the 
Cambro-Ordovician suggests that they may contain much locally de- 
rived material, and studies have been begun to throw light on this 
problem. 

The fact that the Pennsylvanian was deposited on a much dissected 
surface of soluble limestones and dolomites has produced certain in- 
teresting structural features at the contact, some of them contempora- 
neous, and some of them subsequent. Of these the more important are 
brecciation, crumpling, dips and local discordance, including slump dips 
and initial dips, and, finally, interesting local inversions of sequence. 


‘ 
4 
i 
: 
, 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 46, PP. 715-756, 7 FIGS. MAY 31,1935 


AGE OF THE SCHISTS OF THE SOUTH VALLEY 
HILLS, PENNSYLVANIA* 


BY BENJAMIN L. MILLER 


(Read before the Geological Society, December 28, 1934) 


CONTENTS 

Page 
Generalized description of Chester 

Evidence offered by Knopf, Jonas, and Stose in support of pre-Cambrian age of 

1, Presence of amphibolite schists in Wissahickon and Cockeysville forma- 

2. Interlayered amphibolite schists in the Glenarm series and Baltimore 
gneiss near Avondale but absence in Paleozoics of Mine Ridge...... 730 

3. Basal Cambrian sediments unconformably overlying volcanic rocks and 
Cockeysville marble and Wissahickon schist...............e-+eeee 731 


4. Wissahickon formation has undergone deep seated metamorphism, 
intrusion by igneous rocks other than pegmatites, and possesses one 


more joint system than the Paleozoics..............ee.eeeceeeeee 731 
5. Sedimentary series of Avondale region unlike that of Chester Valley... 733 
Description of the Martic overthrust. 735 
Evidence in support of the Martic overthrust...............00cceeececeeees 736 
1, Abnormal contacts of Wissahickon schist with rocks of Cambrian and 
2. Limonite replacements and limonite quartz breccia.................. 736 
Evidence in opposition to the Martic overthrust................0.eeeeeeees 739 
1. Conformability of Wissahickon schist and Conestoga limestone........ 739 
3. Topographic characteristics of Chester Valley..................e005 744 
4. Continuous contact of Wissahickon and Conestoga between Schuylkill 
5. Absence of any Martinsburg or Cocalico shales if Wissahickon is pre- 
6. Great extent of the proposed overthrust...............0.eeeeeeeeees 745 
Evidence against the pre-Cambrian age of the Glenarm series............... 746 


jl 
t * Manuscript received by the Secretary of the Society, January 14, 1935. : 
, 


716 8B. L. MILLER—AGE OF THE SCHISTS OF SOUTH VALLEY HILLS 


Page 
2. Complete absence of Glenarm series northwest of Chester Valley...... 751 

3. Lithologic similarity of schists interbedded with Conestoga limestones 

4. Similarity of rocks of Glenarm series and Cambro-Ordovician sediments 
5. Comparison of strata of Lehigh and Chester valleys.................. 752 


INTRODUCTION 


In legal matters, cases are re-opened when new evidence is forth- 
coming, with the implied assumption that no case should be regarded 
as settled until it is settled right. In scientific affairs such a procedure 
is even more important because an error not soon corrected may 
eventually result in a mass of misinformation due to its inclusion in 
text-books and other books of reference. In geology, where no one 
is able personally to investigate more than a few of the localities 
described in the voluminous literature and much of our work must 
be built on the published investigations of previous workers, it is 
highly important to re-open cases, supposedly settled, whenever any 
new evidence appears or new interpretations are suggested. 

- With this principle in mind, the author brings to the attention of 
his fellow geologists matters that seem to him to call for the reconsid- 
eration of some phases of the Piedmont Plateau geology of southeastern 
Pennsylvania. Within the limits of this paper it is possible to discuss 
only a few selected problems from among the many that confront all 
the investigators in this difficult field. This area, occupied by ancient 
metamorphic rocks, is scarcely exceeded in complexity by any other 
of the United States, and justifies the designation of J. P. Lesley, who 
in 1892 referred to it as “the dark geology of southern Pennsylvania.” 

In calling for a re-examination of the metamorphics of Pennsy]- 
vania, the author is in line with what is being done in areas of rocks 
of similar characteristics in New York and New Hampshire. When 
comparing these three states, it is significant that in New York, Robert 
Balk? has recently shown some of the greatly metamorphosed sedi- 
ments once regarded as pre-Cambrian to be of Cambro-Ordovician 
age; in New Hampshire, M. P. Billings? and A. B. Cleaves have 


1 Robert Balk: Structure and correlation of metamorphic rocks in southeastern New York, 
Nat. Acad. Sci., Pr., vol. 18 (1932) p. 616-630. 
2M. P. Billings: Paleozoic age of the rocks of central New Hampshire, Science, n. s., vol. 79 
(1934) p. 55-56. 
M. P. Billings and A. B. Cleaves: Paleontology of the Littleton Area, New Hampshire, Am. 
Jour. Sci., 5th ser., vol. 28 (1934) p. 412-438. 
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determined some of the metamorphic rocks previously regarded as 
pre-Cambrian to be as recent as the Devonian; whereas in Pennsyl- 
vania and Maryland the opposite action has taken place, and certain 
metamorphosed strata generally considered until recent years to be 
Cambro-Ordovician have been placed in the pre-Cambrian by the 
geologists who have been most actively engaged in mapping those 
sections during the past decade. 

The author’s entrance into the field of the crystalline rocks of 
Pennsylvania has been brought about principally by the appearance 
of several articles and bulletins during the past ten years, but par- 
ticularly the publication of the new Geological Map of Pennsylvania, 
compiled in the offices of the United States Geological Survey. In 
these recent reports and on this map, phyllites or schists that form 
the South Valley Hills, bounding the Chester Valley on the south, 
long regarded as Upper Ordovician, have been placed in the pre- 
Cambrian. Likewise, certain quartzite and marble areas lying a 
few miles to the south of the Chester Valley have been removed from 
the Cambro-Ordovician column and placed in the pre-Cambrian. The 
reasons for these changes seem to the author wholly inadequate and 
the conclusions unjustified. A number of problems hinge on these 
interpretations, so that it is important to reach an agreement if 
possible. 


GENERALIZED DESCRIPTION OF CHESTER VALLEY 


Chester Valley is one of the most beautiful valleys of the State. 
It extends in a straight line from Quarryville, Lancaster County, 
entirely across Chester County to the Schuylkill River in Mont- 
gomery County, a distance of 48 miles. East of the Schuylkill River 
it is continued 12 miles farther in the same line, in what is known as 
Whitemarsh Valley. The Chester Valley from Quarryville north- 
westward widens out into the Lancaster Valley that extends to the 
Susquehanna River and continues beyond to form the York Valley. 
Chester Valley varies in width from about two and one-half miles 
in the vicinity of Valley Forge to less than half a mile near Coates- 
ville. Throughout its entire extent it is floored by limestone. With 
the exception of the area between Bridgeport and Valley Forge, where 
Triassic sediments overlie the limestones, the valley throughout is 
bounded on the north by a prominent ridge of Lower Cambrian 
quartzitic beds which have commonly been called the Chickies forma- 
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tion. In recent years the Chickies has been divided into three forma- 
tions as shown in a table on a later page. 

The limestones of the valley were long included in one formation 
called the Shenandoah, in which the lower portion was recognized as 
Cambrian and the upper portion as Ordovician. The work done there 
in recent years has shown the possibility of dividing it into several 
formations. 


Ficure 1.—Indez map of the South Valley Hills region 
Showing location of region under discussion and contact of Conestoga limestone with Wissa- 
hickon schist. 


Chester Valley from the Schuylkill to Quarryville is enclosed on 
the south by a prominent escarpment composed of phyllites or schists, 
the age and stratigraphic position of which are herein discussed. These 
same metamorphosed argillaceous sediments continue beyond Quarry- 
ville, although the physiographic distinctions between the limestone 
and schist areas are less conspicuous. 

Unfortunately, fossils are extremely rare in all the formations of 
southeastern Pennsylvania. Most of them are entirely unfossiliferous, 
so far as known, and formations must be principally established and 
differentiated on the basis of lithologic and stratigraphic character- 
istics. It is doubtful whether many fossils ever were present, and 
such as were originally preserved in the strata have now largely, if 
not entirely, been destroyed by metamorphism. Less metamorphosed 
rocks of apparently equivalent age in other regions of the State are 
either devoid of recognizable organic remains or are sparingly fossil- 
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iferous. Even under these adverse conditions it may well be that 
fossils will yet be found on which definite correlations of far-reaching 
importance may be established. 


WORK OF PREVIOUS INVESTIGATORS 


An understanding of the present problems can best be had by a 
review of the more important past investigations in the region. 

In 1836, during the first field season of the First Geological Survey of 
Pennsylvania, Henry D. Rogers, the State Geologist, assigned John 
F. Frazer to make geological investigations in the Chester Valley 
region. Although no publication of his results were made, J. P. 
Lesley * is authority for the statement that Frazer came to the con- 
clusion that the slates and schists of the South Valley Hills overlie 
the limestones of the Chester Valley. 

Rogers continued work in the Chester Valley, part of the time 
assisted by Harvey B. Holl, and published descriptions in his third 
and fourth annual reports.* His more complete description appeared 
in 1858. His descriptions and sections * show that he interpreted the 
structure of Chester Valley as a syncline with the same strata out- 
cropping in the ridges bounding the valley on the north and south. 
He correlated the detached areas of limestones and siliceous rocks of 
the Doe Run—Avondale region with the Chester Valley and believed 
they represented smaller synclines. 

W. D. Hartman published twice on the geology of Chester Valley 
and should be mentioned, although his reports * do not furnish much 
useful information. 

In 1881, Charles E. Hall published his report on the Geology of 
Philadelphia County, with portions of Montgomery and Bucks coun- 
ties. He described and mapped the geology of Upper Merion Town- 
ship, Montgomery County, which includes the most easterly portion 
of the Chester Valley. This is the first important contribution to the 
interpretation of the geology dealt with in this paper. 


8J. P. Lesley: The geology of Philadelphia County and of the southern parts of Montgomery 
and Bucks, Pa. Second Geol. Surv., vol. C6 (1881) p. 31; The geology of Chester County, 
Pa. Second Geol. Surv., vol. C4 (1883) p. 106. 

“Henry D. Rogers: Third Annual Report on the Geological Survey of the State of Pennsylvania 
(1839) 119 pages; Fourth Annual Report on the Geological Survey of the State of Pennsylvania 
(1840) 215 pages. 

SHenry D. Rogers: The geology of Pennsylvania (1858) 2 vols., 586 pages and 1045 pages; 
vol. 1, figs. 21 and 23a. 

¢W. D. Hartman: Medical topography and geology, State Medical Soc., Tr., n. s., vol. 2 (1857) 
p. 109-118, geol. map; Geology of Chester County, p. 435-440, geol. map; chapter in History of 
Chester County, Pennsylvania, by J. Smith Futhey and Gilbert Cope, Philadelphia (1881). 
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Hall’ gives the following section: 
Taste 1—Hall’s 1881 section 


net schists, serpentines 
| and gneisses. 
Manayunk group of schists 
and gneisses. 
{ Philadelphia group of schists 
and gneisses. 


| Chestnut Hill group of gar- 


< Slates and mica schists of 
Hudson river group { the South Valley Hill. 


No. III 


Trenton group Slate and limestone alter- 
nations. 
Marble 
and 
Calciferous group magnesian 
limestones. 


PALAEOZOIC 
METAMORPHOSED 


No. II 


Cambro-Silurian 


I 


Potsdam Sandstone of the North Valley Hill 


| 
| 
| 
| 


No. 


Laurentian system { Syenites, and granites, feld- 


spathic and hornblendic. 


He speaks very positively of the Hudson River age of the rocks 
of the South Valley Hills, which he terms slates, mica schists, and chlo- 
ritic schists. The following quotation * expresses his ideas: 


“Flanking the slates of the South Valley Hill on the north runs a narrow belt 
of alternating slates and limestones, conformable with the slates above and with 
the limestones below. 

“Tt is difficult to draw a line of demarkation between the groups, inasmuch 
as the limestone predominates towards the base and diminishes towards the top. 

“The alternations may be seen in the vicinity of Gulf Mills, where they are 
folded upon themselves, conforming to the contortions of the overlying slates, and 
consequently the underlying measures. 

“This group may be seen along the entire northern flank of the South Valley 
Hill and are exposed in nearly all the brooks which cross the belt.” 


7™Charles E. Hall: The geology of Philadelphia County and of the southern parts of Mont- 
gomery and Bucks, Pa. Second Geol. Surv., vol. C6 (1881) p. 14. 
8 Op. cit., p. 85. 
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He gives several sections showing the conformability of the “Cambro- 
Silurian” formations as listed above. Several analyses of the schists 
of the South Valley Hills are also given. He correlates the Peach 
Bottom slates with the Hudson River shales and slates. 

Hall’s report merits careful study. His observations seem to have 
been made with care, and his major conclusions are sound, although 
it is easy to point out minor discrepancies. 

In 1883 appeared the report on “The Geology of Chester County,” 
by Lesley, Rogers, Frazer, and Hall,® in which there is a lengthy discus- 
sion as to whether the schists of the South Valley Hills are younger 
or older than the adjacent limestones and whether the two formations 
are conformable or are separated by a fault. Both Lesley and Frazer 
seem inclined to believe that the schists represent the same series of 
beds as appear to the north of the valley, but without the sandstone, 
and that a thrust fault separates the limestone and schists. Evidence 
and arguments for the different interpretations are offered, but no 
definite conclusions are stated. 

Frazer took dips and strikes across the valley, both in the limestones 
and in the schists. He cites no places where the formations were seen 
to be in contact, but he attempted to secure dips and strikes in the two 
series of beds, when outcrops were not far apart. The location of 
these observations are not given except by townships. The figures 
given show that the most common strike directions of both the lime- 
stones and the schists are N. 70° to N. 80° E., and that the general 
direction of the limestone-schist contact throughout the valley is N. 
75° E. The prevailing dips in both series of rocks are 60° SE. to ver- 
tical. Lesley’s conclusions *° concerning this set of figures seem some- 
what strange and indicate considerable confusion in his mind. They 
are as follows: 

“At first sight these facts seem to speak loudly in favor of a great east and 
west fault crossing Chester County, and throwing the mass of hydro-mica-schists 
up from below (or down from above) against the up-turned (or down-turned) 
limestone strata of the valley. 

“But anyone who has practiced the making of connected cross sections in a 
complicated country knows that the utmost diversity of dips within very short 
distances may consist with perfect conformity of stratification and a total absence 
of faulting.” 


Lesley prepared sections to show different interpretations of struc- 


®J. P. Lesley, Henry D. Rogers, Persifor Frazer, and Charles E. Hall: The geology of Chester 
County, Pa. Second Geol. Surv., vol. C4 (1883) 394 pages. 
10 Op. cit., p. 122-123. 
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THREE HYPOTHESES OF STRUCTURE 


CHESTER Counry VALLEY 
LOOKING EAST 


Theory of HD Rogers 


NORTH VALLEY HILL SOUTH VALLEY HILL. 


Theory of CE Hall 


FPotsdarn § §. Hudson River Sie 
Col $5. Chazy Trenton 


Ficure 2.—Structural interpret 

By H. D. Rogers, P. Frazer and J. P. Lesley, and C. E. 
Hall. (After Lesley, Pennsylvania Second Geological Survey, 
Report C4, page 99.) 


tures in the Chester Val- 
ley (Fig. 2). 

In their discussion of 
the limestone areas 
south of Chester Valley 
in the Doe Run and 
Avondale regions the 
authors of that volume 
are equally non-commit- 
tal. Lesley" remarks 
as follows: 


“With regard to the iso- 
lated limestone exposures in 
southern Chester . . . the 
probability is that some of 
these are synclinal remnants 
of the Valley limestone for- 
mation resting on Potsdam 
sandstone; but the strange 
relationships of the lime- 
stone patches to neighbor- 
ing schists are still unex- 
plained.” 


Lesley excepted one 
limestone area as being 
probably older. This is 
the occurrence within 
the older gneiss on 
Brandywine Creek, 
north of Chadds Ford. 
In the detailed descrip- 
tions of these detached 
limestone areas frequent 
mention is made of 
quartzite beds assumed 
to be “Potsdam” under- 
lying the limestone and 
schists that appear to lie 
conformably on top of 
the limestone. 


11 Op. cit., p. 124. 
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An important observation made by Frazer ** is as follows: 


“A stone quarry has also been noticed a little west of south of Avondale showing 
limestone to the north and quartzite to the south. 

“This is the only place observed in this country where the stratigraphical evi- 
dence of the rock was confirmed by the occurrence of fossils. The white arenaceous 
rock on the southern end of the quarry dips W. 20° N., W. 10° N. to W. 10° S. 
with a dip of about 28°, which places it clearly below the limestone. In this 
quartzite were found evident traces of Scolithus linearis, which though perhaps 
not sufficient evidence to decide the age of the rock as Potsdam, is nevertheless 
strong confirmatory evidence.” 


In 1900, Theodore D. Rand published a series of notes ** based on his 
observations in southeastern Pennsylvania. Although he made few 
positive statements concerning structures and correlations, he does 
accept the Paleozoic age of the limestone and quartzite outliers south 
of Chester Valley and the absence of a fault along the south side of 
the valley. A fault there he ‘* states would be of “incredible shape,” 
and, further, if present would be “a most remarkable and almost im- 
possible fault.” 

Florence Bascom began her investigations in the Piedmont Plateau 
of southeastern Pennsylvania, when she went to Bryn Mawr College 
in 1894. In 1905 she published her first general report,’® in which she 
gave the name “Wissahickon” to the gneisses and schists extending 
from the Chester Valley to the areas of Baltimore gneiss, and referred 
the entire series to the Ordovician. Before the paper appeared in 
print she participated in a field conference with Arthur Keith, G. QO. 
Smith, and E. B. Mathews. She’® states: 

“The results of this conference, while establishing the age of the Wissahickon 


mica-schist, place in question the equivalence of the Wissahickon mica-gneiss 
and the Wissahickon mica-schist.” 


When the Philadelphia folio ** was published in 1909, Bascom con- 
fined the term Wissahickon to the mica gneiss and referred it to the 
pre-Cambrian. The mica schists, previously regarded as the lower 
portion of the Wissahickon, were given the new name of “Octoraro 
schist,”’ were referred to the Ordovician, and correlated with the Hudson 
River schist of New York. Although admitting the difficulty of sep- 
arating the Wissahickon from the Octoraro, she described the contact 


22J. P. Lesley, Henry D. Rogers, Persifor Frazer, and Charles E. Hall: op. cit., p. 333-334. 

18 Theodore D. Rand: Notes on the geology of theastern Pennsylvania, Phila. Acad. Nat. 
Sci., Pr. (1900) p. 160-338. 

14 Op. cit., p. 332, 333. é 

18 F, Bascom: Piedmont District of Pennsylvania, Geol. Soc. Am., Bull., vol. 16 (1905) p. 289-328. 

16 Op. cit., p. 327-328. 

17F, Bascom and others: Description of the Philadelphia District, U. S. Geol. Surv. atlas, 
folio 162 (1909) 23 pages, maps, sections. 
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of the two as a thrust fault. It may be noted that on her maps the 
lowest Cambrian strata, the Chickies formation, is everywhere shown 
to rest on the Baltimore gneiss, never on the Wissahickon. Where the 
Chickies and Wissahickon are in contact, a fault is shown. 

In 1916, the doctoral dissertation of E. F. Bliss and A. I. Jonas on 
the gneiss, schist, and limestone of the Doe Run and Avondale region 
in Chester County was published.1* The region studied contains the 
principal detached areas of limestone lying south of Chester Valley. 
The writers followed Bascom in referring the Wissahickon mica gneiss 
to the pre-Cambrian and the Octoraro mica schist to the Ordovician. 
They gave reasons for so doing, although recognizing the difficulty of 
drawing an exact line of demarkation. They correlated the quartzite 
and limestone with the Paleozoic series of Chester Valley. Some of 
their major conclusions, now at variance with their present views, are 
given in the following paragraphs:'® 


“The limestone of the Doe Run and Avondale region is lithologically dissimilar 
to the Franklin limestone, and it is not associated with graphitic gneiss, which 
usually accompanies the Franklin limestone. On the other hand, the limestone 
of the Doe Run and Avondale region bears a complete lithologic resemblance 
to the Shenandoah limestone of Chester Valley. It occurs in a conformable series 
with a quartzite which has been correlated with the Chickies quartzite of the 
North Valley Hills. Moreover, the southern limestone areas of the Doe Run 
and Avondale region are in the direct line of strike with the Shenandoah lime- 
stone of Cream Valley, west of Conshohocken. For these reasons the limestone 
of the region under discussion is correlated with the Shenandoah. 

“The readily determined relation between the Ordovician mica schist and the 
great belt of Shenandoah limestone, which has been proved by fossil content 
to be of Cambrian and Ordovician age, establishes the age of the mica schist 
as Ordovician. The conformable contact of the schist upon the limestone is 
shown by the lithologic gradation of the limestone through a calcareous mica 
schist into the overlying formation, as seen in Chester Valley near Coatesville, 
and also by the constant presence of a single bed of geodiferous, siliceous material 
along the line of contact, thereby proving that the contact can not be a fault line.” 


In 1923 the same writers published a revision of their earlier views. 
In an article 7° dealing with the stratigraphy of the schists of Pennsyl- 
vania and Maryland they proposed the establishment of the pre- 
Cambrian Glenarm series to include the metamorphic quartzites, lime- 


18E. F. Bliss and A. I. Jonas: Relation of the Wissahickon mica gneiss to the Shenandoah 
limestone and Octoraro schist of the Doe Run and Avondale region, Chester County, Pennsyl- 
vania, U. S. Geol. Surv., Prof. Pap. 98 (1916) p. 7-34. 

19 Op. cit., p. 32. 

2% E. B. Knopf and A. I. Jonas: Stratigraphy of the crystalline schists of Pennsylvania and 
Maryland, Am. Jour. Sci., 5th ser., vol. 5 (1923) p. 40-62. 
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stones, and schists of the Cockeysville, Maryland and the Doe Run— 
Avondale, Pennsylvania regions previously considered by themselves 
and other workers as Cambro-Ordovician. In the same series is in- 
cluded the Wissahickon mica gneiss, which Bascom had in her later 
work regarded as pre-Cambrian, as well as the Octoraro schist, which 
she had placed in the Ordovician. 

In 1929,21 Knopf and Jonas described an overthrust fault in the 
McCalls Ferry—Quarryville area, which they called the ‘“Martic 
Overthrust,” from the Martic Hills of Lancaster County. The northern 
boundary of this overthrust was drawn along the contact of the South 
Valley Hills schists and the Chester Valley limestones. They here 
advanced the idea that the Glenarm series, aggregating about 10,000 
feet of sediments, had been thrust northwestward 20 miles and had 
come to rest upon the Paleozoic rocks of the Chester and Lancaster 
valleys. Previously, Jonas had briefly described this overthrust in 
several articles,?? but had not named it. 

Additional articles, in which the Martic overthrust and the pre- 
Cambrian age of the Glenarm series are described by E. B. Knopf, 
A. I. Jonas, and George W. Stose, and in some of which F. Bascom 
and George H. Ashley are joint authors, are as follows: 


1. G. W. Stose and A. I. Jonas: The Lower Paleozoic section of southeastern 
Pennsylvania, Washington Acad. Sci., Jour., vol. 12 (1922) p. 358-366. 

2. G. W. Stose and A. I. Jonas: Ordovician overlap in the Piedmont Province 
of Pennsylvania and Maryland, Geol. Soc. Am., Bull., vol. 34 (1923) 
p. 507-524. 

3. E. B. Knopf: Some results of recent work in the southern Taconic area, Am. 
Jour. Sci., 5th ser., vol. 14 (1927) p. 429-458. 

4. E. B. Knopf and A. I. Jonas: Geology of the crystalline rocks of Baltimore 
County, Md. Geol. Surv., Baltimore County (1929) p. 97-199. 

5. A. I. Jonas: Structure of the metamorphic belt of the central Appalachians, 
Geol. Soc. Am., Bull., vol. 40 (1929) p. 503-514. 

6. A. I. Jonas and G. W. Stose: Geology and mineral resources of the Lancaster 
Quadrangle, Pa. Top. and Geol. Surv., Atlas of Pa., no. 168 (1930) 106 pages. 

7. G. W. Stose and O. A. Ljungstedt: Geologic map of Pennsylvania, Top. and 
Geol. Surv. (1931). 

8. F. Bascom * and G. W. Stose: Description of Coatesville-West Chester Quad- 
rangles, U. S. Geol. Surv., folio 223 (1932). 


EE. B. Knopf and A. I. Jonas: Geology of the McCalls Ferry-Quarryville District, Pennsyl- 
vania, U. S. Geol. Surv., Bull. 799 (1929) 156 pages. 

232A. I. Jonas: Rocks of the McCalls Ferry Quadrangle, Pennsylvania, Pa. Top. and Geol. Surv., 
Bull. 62 (1923) p. 4; Rocks of the Quarryville Quadrangle, Pennsylvania, Pa. Top. and Geol. 
Surv., Bull. 75 (1923) p. 6; Pre-Cambrian rocks of the western Piedmont of Maryland, Geol. Soc. 
Am., Bull., vol. 35 (1924) p. 362. 

23 The sections and correlations in this folio do not represent Miss Bascom’s views (Personal 
communication). 
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9. A. I. Jonas: Geology of the kyanite belt of Virginia, Va. Geol. Surv., Bull. 38 
(1932) p. 1-38. 

10. A. I. Jonas: Structure of the metamorphic belt of the southern Appalachians, 
Am. Jour. Sci., 5th ser., vol. 24 (1932) p. 228-243. 

11. G. W. Stose, A. I. Jonas, G. H. Ashley, and E. B. Knopf: Southern Pennsyl- 
vania and Maryland, Inter. Geol. Cong., 16th ses., United States, 1933, 
Guidebook 10 (1932) 31 pages. 


Inasmuch as there is much repetition in these articles, it is inadvisable 
to review each, although new data are presented in each article. The 
Glenarm series is particularly discussed and the Martic overthrust 
extended northward to New Jersey and southward to Alabama. 

Before discussing the views of Jonas, Knopf, and Stose, especial 
mention should be made of an article by A. C. Hawkins * in which 
he discussed the quartzite, limestone, and schist areas of the Avondale 
region. His conclusions, which, in general, are in harmony with those 
of the author, are summed up in the following paragraphs: 


“The best interpretation of these areas, in the writer’s opinion, which corre- 
sponds to the facts of distribution and relationships in general, is that the entire 
Avondale sedimentary series is of the same age—Cambro-Ordovician—as the 
Chester Valley series, the apparent dissimilarity between them being the result 
of the fact that metamorphic action of deeply buried intrusives has been greater 
around Avondale than in the Chester Valley. The Wissahickon, so-called, of 
the Avondale area is not of the same age as the original rock of that name, but 
is merely an Ordovician schist in which metamorphism has produced a superficial 
resemblance to this pre-Cambrian formation. 

“The geological relationships of this portion of southeastern Pennsylvania are 
thus far simpler than has been believed heretofore, there being fewer formations 
and less extensive faulting than have often been suggested. The peculiar and 
striking features of the region are associated, not with stratigraphic and structural 
complexity, but with differential metamorphism.” 


In Bulletin 799 of the United States Geological Survey, Knopf and 
Jonas present arguments in refutation of Hawkins’ statements. Some 
of these are definitely open to question and will be discussed on a 
later page. 

In their various articles in recent years, Knopf, Jonas, and Stose 
have adopted a classification for the pre-Cambrian, Cambrian, and 
Ordovician formations of southeastern Pennsylvania and Maryland, 
lying to the southeast of the belt of Triassic rocks. 

Since the albite-chlorite facies of the Wissahickon is, throughout 
the region between the Schuylkill and Susquehanna rivers, in contact 
with the Conestoga limestone except in the small area embracing Safe 


% Alfred C. Hawkins: Alternative interpretations of some crystalline schists in southeastern 
Pennsylvania, Am. Jour. Sci., 5th ser., vol. 7 (1924) p. 355-364. 
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Taste 2—Pre-Cambrian and Cambro-Ordovician of southeastern Pennsylvania 
and Maryland (compiled from publications of Knopf, Jonas, and Stose) 


System 


Series 


Formations or mapable units 


Granite pegmatite 


Ordovician 


Cocalico shale 
Conestoga limestone 
Unconformity 


Unconformity 


Beekmantown limestone 


Cambrian 


Upper Cambrian 


Conococheague limestone 


Middle Cambrian 


Elkbrook limestone 


Lower Cambrian 
4,000 feet 


Ledger dolomite 

Kinzers formation 

Vintage dolomite 

Antietam quartzite or schist 

Harpers phyllite or schist 

Chickies quartzite including Hellam con- 
glomerate at base. 


Unconformity 


Algonkian 


Granite, quartz, monzonite, quartz diorite, 
gabbro, metagabbro, and serpentine. 


Glenarm 8,000- 
10,000 feet 


Peach bottom slate 
Cardiff conglomerate 
Peters Creek schist 
Wissahickon formation 
Albite-chlorite schist 
Oligoclase-mica schist 
Amphibolite schist and chlorite schist 
(altered dikes and flows) 
Cockeysville marble 
Setters formation 


Unconformity 


Baltimore gneiss including graphitic schists 
and limestone (Franklin) lenses. 


, 
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Harbor, Shenk’s Ferry, and Martic Forge, as mapped,” it is necessary 
with the above classification to have an overthrust fault by which the 
two formations could be brought in contact. This is the fault first 
fully described in 1929 as having been discovered in the McCalls 
Ferry—Quarryville region and named the “Martic Overthrust.” 

The writer questions both the pre-Cambrian age of the so-called 
“Glenarm Series,’ which he regards as Paleozoic, and the existence 
of an extensive overthrust. This paper is offered for the purpose of 
presenting evidence for a different explanation of the existing data. 
This is done by first considering the evidence and arguments in sup- 
port of the views of Knopf, Jonas, and Stose, and then presenting addi- 
tional evidence, either new or previously inadequately considered. The 
discussion deals almost entirely with the region lying between the 
Schuylkill and Susquehanna rivers, as that is the area best known to 
the writer. It is recognized, however, that the problems here discussed 
have an important bearing upon the interpretation of age and geologic 
structures of the crystalline rocks throughout the entire Appalachian 
region. 

EVIDENCE OFFERED BY KNOPF, JONAS, AND STOSE IN SUPPORT OF 
THE PRE-CAMBRIAN AGE OF THE GLENARM SERIES 


1. PRESENCE OF AMPHIBOLITE SCHISTS IN WISSAHICKON AND COCKEYSVILLE 
FORMATIONS IN MARYLAND 


In the first statement of the constitution and age of the Glenarm 
Series, offered by Knopf and Jonas in January 1923, they reported the 
presence of “amphibolite schists that are probably derived from basic 
intrusions and voleanic rocks within the Wissahickon albite-chlorite 
schist in southern Pennsylvania and Maryland.” They state that 
these amphibolites, “occurring at intervals as far west as the eastern 
edge of the Frederick Valley are lithologically similar to greenstone 
schists in Catoctin Mountain and probably represent metamorphosed 
basaltic flows that are the equivalent in age of the pre-Cambrian 
voleanic flows of Catoctin Mountain described by Keith.”?* They 
conclude ** that “the presence of greenstone schists east of Frederick 
Valley that are similar in character to the Catoctin lava suggests that 
part of the metamorphosed sedimentary series represented by the 
albite-chlorite schist facies of the Wissahickon was laid down con- 


2 E. B. Knopf and A. I. Jonas: Geology of the McCalls Ferry-Quarryville District, Pennsyl- 
vania, U. 8. Geol. Surv., Bull. 799 (1929) 156 pages. 

% Arthur Keith: Geology of the Catoctin Belt, U. S. Geol. Surv., 14th Ann. Rept., pt. 2 (1893) 
p. 285-395. 

7 E. B. Knopf and A. I. Jonas: Stratigraphy of the crystalline schists of Pennsylvania and 
Maryland, Am. Jour. Sci., 5th ser., vol. 5 (1923) p. 49. 
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temporaneously with the volcanic eruptions along Catoctin ridge. 
Therefore the presence of Catoctin greenstones in this facies would 
establish the pre-Cambrian age of the Glenarm series. Corroborative 
evidence is the presence within the lower part of the Glenarm series 
of strongly deformed plutonic intrusions.” 

In a later publication by Jonas, the volcanic rocks of the Western 
Piedmont of Maryland are stated as being interbedded with the 
Cockeysville marble instead of the Wissahickon schist. She ?* makes 
the following statements: 

“South of Westminster, New Windsor, and Union Bridge, the marble-volcanic 
series is exposed in three anticlines, with the overlying Wissahickon albite schist 
in the intervening synclines. ... One well exposed contact of volcanics and 
marble shows 80 to 100 feet of interbedded calcareous slate, marble, and amygdular 
basalt above 300 or 400 feet of marble. 

“The period of volcanic activity was preceded and followed by the deposition 
of calcareous beds of the Cockeysville marble, which in turn was covered by 
other volcanic outpourings before the deposition of the argillaceous arkose that 
has been recrystallized with the Wissahickon schist. It seems probable that 
voleanic activity of an explosive character occurred during the deposition of 
Wissahickon, because in the area south of Union Bridge tuffaceous slates underlie 
and may be interbedded with the Wissahickon albite schist.” 


Amphibolite and chlorite schists in York, Lancaster, and Chester 
counties, Pennsylvania, are described by Knopf and Jonas *® and are 
considered as probably interbedded with the Peters Creek sediments. 
No direct confirmation or refutation of these remarks by Knopf 
and Jonas are offered, as the author has made no detailed investiga- 
tions in the region mentioned. Since so much weight is placed on the 
presence of metamorphosed subsilicie rocks within the sediments, it 
is well to remind the reader that in 1921, Samuel G. Gordon *° de- 
scribed some lavas within the Martinsburg formation in the Great 
Valley, which in 1927 were confirmed and further described by Stose 
and Jonas.*t As one reads the descriptions of these Martinsburg 
lavas it seems as though further metamorphism might change them 
into rocks of the type described from the Wissahickon of Maryland. 
From their own testimony, subsilicic voleanoes in southeastern Penn- 
sylvania are not confined to the pre-Cambrian, and therefore correla- 


2A. I. Jonas: Pre-Cambrian rocks of the western Piedmont of Maryland, Geol. Soc. Am., i 
Bull., vol. 35 (1924) p. 360-361. 

2 FE. B. Knopf and A. I. Jonas: Geology of the McCalls Ferry-Quarryville District, Pennsyl- 
vania, U. 8. Geol. Surv., Bull. 799 (1929) p. 62. 

9S. G. Gordon: Ordovician basalts and quartz diabases in Lebanon County, Pennsylvania, 
Phila. Acad. Nat. Sci., Pr., vol. 72, pt. 3 (1921) p. 354-357. 

1G. W. Stose and A. I. Jonas: Ordovician shale and associated lava in southeastern P. yl 
vania, Geol. Soc. Am., Bull., vol. 38 (1927) p. 505-536. 
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tions on this basis are of doubtful value. The Catoctin Mountain 
amphibolites lie some miles to the west, across the strike, and are not 
continuous between the two areas. Volcanic and intrusive igneous 
rocks occur at different horizons in southeastern Pennsylvania and 
Maryland, from Archean (?) to Ordovician, and in New England as 
late as Devonian, as indicated by various investigators; therefore, it 
would seem that especial care should be taken in using them for pur- 
poses of correlation. The writer believes that much more stratigraphic, 
structural, and petrographic work is needed, and that the mere pres- 
ence of amphibolites in two rather widely separated areas is insuffi- 
cient reason for claiming them to be of the same age.*? 


- INTERLAYERED AMPHIBOLITE SCHISTS IN THE GLENARM SERIES AND BALTIMORE 
GNEISS NEAR AVONDALE BUT ABSENT FROM THE PALEOZOICS OF MINE RIDGE 


“The interlayered amphibolites that are characteristic of the pre-Cambrian 
core of the Mine Ridge upland occur throughout both the Glenarm series and 
the underlying Baltimore gneiss near Avondale and are absent in the Paleozoic 
sediments that flank the Mine Ridge upland. It seems evident, therefore, that 
the post-Glenarm basic intrusions must have been intruded prior to the deposi- 
tion of the sediments flanking the Mine Ridge upland, because the amphibolitic 
layers occur with striking regularity and persistence interlaminated in the pre- 
Cambrian core of the Mine Ridge upland within a few feet of the base of the 
Cambrian.” * 


The authors also state that they correlate the core of crystalline 
rocks of Mine Ridge with the Baltimore gneiss of probable Archean 
age. 

Undoubtedly there was igneous action before Cambrian time as well 
as later, and basic lavas and basic intrusives do not seem to have been 
confined to any one period and certainly not to the pre-Cambrian, 
even in Pennsylvania. Therefore the writer questions whether amphib- 
olites in Mine Ridge have been proved to be of the same age as those 
cutting the Glenarm series in the Avondale region. The writer has 
failed to find any evidence offered in support of the correlation of the 
amphibolites of the Mine Ridge and Avondale areas. Because some 
areas of Paleozoic sediments contain metamorphosed basic rocks does 
not seem sufficient reason for claiming that other areas without them 
may not be of Paleozoic age. 


#2 Stose, commenting on this paragraph, writes as follows: “They are the only comparable 
lavas and equivalence is strongly suggested. ... The lavas in the Ordovician are very thin 
and are at the source. Indicate very local and minor volcanic activity; not to be compared 
with the thick flows and intrusions in the pre-Cambrian.” 

83. B. Knopf and A. I. Jonas: Geology of the McCalls Ferry-Quarryville District, Pennsyl- 
vania, U. 8. Geol. Surv., Bull. 799 (1929) p. 24. 
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3. BASAL CAMBRIAN SEDIMENTS UNCONFORMABLY OVERLYING VOLCANIC ROCKS 
AND COCKEYSVILLE MARBLE AND WISSAHICKON SCHISTS 

In 1924, Jonas ** presented further evidence supporting her view of 
the pre-Cambrian age of the Glenarm series, as follows: 

“West of Union Bridge basal Cambrian quartz conglomerate unconformably 
overlies volcanic rocks and near Libertytown rest unconformably on Cockeysville 
marble. The unconformable relation of basal Cambrian sediments to the volcanic 
rocks and the Cockeysville marble establishes the pre-Cambrian age of these 
rocks and of the Glenarm series.” 


Knopf and Jonas ** report that “basal Cambrian rocks rest uncon- 
formably upon... Wissahickon albite-chlorite schist in Carroll 
County, Md., and southern York County, Pa.” 

If these statements are supported by unquestioned evidence, they 
furnish the most important arguments brought forth in support of the 
pre-Cambrian age of the Glenarm series. The author has searched 
in vain for any exact description of these occurrences, such as their 
importance would seem to warrant. Since everyone who has worked 
in the Piedmont Plateau realizes the possibility of making entirely 
different interpretations of the same phenomena, it seems highly desir- 
able that a full description of the exact location and features of these 
occurrences be given. Until then, no intelligent judgment is possible. 
4. WISSAHICKON FORMATION HAS UNDERGONE DEEP SEATED METAMORPHISM 


INTRUSION BY IGNEOUS ROCKS OTHER THAN PEGMATITES, AND POSSESSES ONE 
MORE JOINT SYSTEM THAN THE PALEOZOICS 


In the Coatesville—West Chester folio, the age of the Wissahickon ** 
is discussed in the following quotation: 

“The Wissahickon formation is considered to be pre-Cambrian because it has 
undergone deep-seated metamorphism, because of its intrusion and saturation by 
igneous rocks—granite, gabbro, peridotite, pegmatite, and their immediate differ- 
entiates, all of which, except the pegmatite, are entirely absent from the Paleozoic 
formations and are characteristic and abundant intrusives in known pre-Cambrian 
gneiss, and because of the number of joint systems found in the gneiss, one more 
than in the Paleozoic formations.” 


It has been admitted by the workers in the Piedmont of Pennsyl- 
vania that the metamorphism of the Wissahickon is extremely vari- 
able. If it is claimed that the Wissahickon shows effects of deep- 
seated metamorphism, and recognized Paleozoic do not, the evidence 
for such conclusions should be presented. 


% A. I. Jonas: Pre-Cambrian rocks of the western Piedmont of Maryland, Geol. Soc. Am., 
Bull., vol. 35 (1924) p. 361. 

%E. B. Knopf and A. I. Jonas: Geology of the McCalls Ferry-Quarryville District, Pennsyl- 
vania, U. 8. Geol. Surv., Bull. 799 (1929) p. 34. 

%*F, Bascom and G. W. Stose: Coatesville-West Chester Folio, U. S. Geol. Surv. (1932) p. 5: 
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The validity of the argument concerning the pre-Cambrian age of 
the Wissahickon because of intrusion of igneous rocks other than peg- 
matites is now in question in view of the recent work by Balk in New 
York, Billings and Cleaves in New Hampshire, and Keith in Maine,** 
as well as the work of Gordon, Stose, and Jonas on the basic igneous 
rocks in the Ordovician of the Lebanon Valley, Pennsylvania. Igneous 
activity, either as intrusions, lava flows, or ash beds (bentonites), 
seems to have existed in the eastern portion of the Appalachian geo- 
syncline at least to mid-Paleozoic time. 

If one found igneous rocks other than pegmatites in the Wissahickon 
extending to the borders of the Chester Valley but with none in the 
Chester Valley limestones, the argument advanced for greatly older 
age of the Wissahickon might still have considerable weight. An 
examination of the geological maps of the McCalls Ferry, Quarry- 
ville, Coatesville, and West Chester quadrangles shows that the pre- 
Triassic intrusions are abundant in certain areas, especially in the 
Avondale—Doe Run, West Chester, and Wilmington regions, and that 
they become much smaller and less numerous to the northwest. One 
small patch of serpentine, southeast of Coatesville, about one and a 
half miles from the nearest Chester Valley limestones, is the only area 
of former igneous rocks within four miles of Chester Valley. The 
hypothesis suggested by Hawkins, and hinted at also by Knopf and 
Jonas, of “a large buried intrusive mass” which came closer to the 
surface some distance south of the Chester Valley seems worthy of 
careful consideration. Intrusions are more abundant close to the sup- 
posed buried batholith and become less numerous as one proceeds 
northward. The Cambrian schists near Atglen in the Chester Valley 
have been intruded by pegmatites and are highly metamorphosed and 
contain garnets and tourmalines, while elsewhere they are only slightly 
changed sediments. The degree of metamorphism does not, therefore, 
seem to be sufficient to distinguish the Wissahickon from the (other) 
Paleozoic strata. 

In regard to one more system of joints in the Wissahickon than in 
the (other) Paleozoic rocks, the writer expresses some doubt. He has 
made no study of the joints except in local quarries. Surely there is 
a multiplicity of joints in most places, due to the dynamic forces that 
have been effective in the area and the heterogeneous character of 
the strata, whereas in those regions where metamorphism has been most 
intense, whether in the Glenarm series or in the (other) Paleozoics, 
joints are less abundant. Doubtless former joints have been oblit- 


37 Arthur Keith: Preliminary Geologic Map of Maine (1933). 
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erated. If joint patterns or systems have been determined, the exact 
information concerning the individual systems and the areas where 
the investigations were made should be available. 


5. SEDIMENTARY SERIES OF AVONDALE REGION UNLIKE THAT OF CHESTER VALLEY 

Knopf and Jonas,®* in controverting statements of A. C. Hawkins, 
state that the sedimentary series in the Avondale region can not be 
the same as that in the Chester Valley for the following reasons: 

(a) They say that “the full sequence of the Paleozoic sedimentary 
formations in the Chester Valley-Mine Ridge upland region is entirely 
different from that of the sedimentary series at Avondale,” and object 
to his comparison of the Avondale series with that developed in the 
Chester Valley near Coatesville. 

The authors do not seem justified in objecting to Hawkins’ compari- 
son of the Avondale marble with the Chester Valley limestones near 
Coatesville rather than with the full series represented in the region 
north of Mine Ridge. It seems more natural to compare the Avondale 
limestone with the nearest limestones of known age, as Hawkins did. 

(b) They say that “the series around Avondale is a continuous 
stratigraphic sequence and with no evidence of unconformity between 
the individual formations, although the younger deposits overlap the 
older in some places... . Around the Mine Ridge upland, on the 
other hand, there is marked unconformity, as a result of which the 
Conestoga limestone, probably of Chazy age, overlies Lower Cambrian 
dolomites and quartzites.” 

The Avondale section, when compared with the Chester Valley sec- 
tion a few miles west of Coatesville, at the place where the two are 
nearest, presents striking similarities. The writer believes that the 
Setters formation about Avondale and Doe Run is the same as the 
Cambrian quartzite series in the Chester Valley and that the strati- 
graphic sequences in the two localities are similar. Certainly much 
more precise evidence than has thus far been published must be pre- 
sented to disprove their similarity. 

(c) They further state that the marble at Avondale can not be the 
Vintage dolomite because the Vintage dolomite “everywhere rests upon 
Lower Cambrian arenaceous and argillaceous rocks and nowhere lies 
directly upon Baltimore Gneiss.” They also say that the same marble 
can not be the Conestoga because it is difficult “to explain the absence 
both of the Conestoga itself and of the Harpers schist in those places 
where the Wissahickon directly overlies the Baltimore.” 


% FE. B. Knopf and A. I. Jonas: Geology of the McCalls Ferry-Quarryville District, Pennsyl- 
vania, U. 8. Geol. Surv., Bull. 799 (1929) p. 21, 22, 23. 
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No better generalized statement in regard to the correlation of the 
Avondale and Chester Valley limestones can be made than the one 
offered by Bliss and Jonas in 1916, where they make the following 
statement ** in addition to other similar opinions quoted on a previous 
page. 


“That the limestone of the Doe Run and Avondale region is to be correlated 
with the Cambrian and Ordovician Shenandoah limestone of Montgomery and 
Delaware counties is proved by the stratigraphic continuity of the limestone in 
Chester Valley, by marked lithologic resemblance between the limestone of the 
Doe Run and Avondale region and the rock in Chester Valley, and by the position 
of the limestone south of Chester Valley in approximately the same line of strike 
as the narrow belt of Shenandoah limestone in Cream Valley near Consho- 
hocken, Pa.” 


The writer believes that the Doe Run and Avondale marbles are 
mainly, if not entirely, of Conestoga age. Possibly, however, some 
portion of the section should be referred to the Beekmantown or Cam- 
brian formations. The region is one of extreme complexity of struc- 
ture, and outcrops are scattered, so that exact correlations are diffi- 
cult to establish. 

In regard to the statement that the “Wissahickon directly overlies 
the Baltimore” gneiss in certain localities, it may be said that Bascom 
and Stose in the Coatesville—West Chester folio show faults in most 
places where these two are in contact. They do not seem very certain 
in regard to the relationship existing in other places where a fault is 
not shown. The statement is made *° that “the Wissahickon formation 

. . in places appears to lie directly upon the Baltimore gneiss.” The 
matter, at best, is of little significance, in the author’s opinion. It may 
be similar to occurrences in the Lehigh Valley, where the Martinsburg 
transgressed the formations next to it in age and in a few cases rests 
upon Cambrian sediments. 

(d) In their final objection to Hawkins’ conclusions they state that 
the Wissahickon can not be correlated with the Ordovician argillaceous 
sediments exposed south of Blue Mountain because “the aggregate 
thickness of the Wissahickon formation and the Peters Creek schist 
as exposed along Susquehanna River must be 8,000 to 10,000 feet 
whereas the total thickness of all the Ordovician argillaceous sediments 


FE. F. Bliss and A. I. Jonas: Relation of the Wissahickon mica gneiss to the Shenandoah 
limestone and Octoraro schist of the Doe Run and Avondale region, Chester County, Pennsyl- 
vania, U. 8. Geol. Surv., Prof. Pap. 98 (1916) p. 19. Miss Bliss (Mrs. Knopf) states that ‘‘these 
opinions were changed on the basis of new stratigraphic evidence” and that now she “would not 
want to correlate marbles on the basis of lithologic similarity.” 

“F. Bascom and G. W. Stose: Description of Coatesville-West Chester Quadrangles, U. 8. 
Geol. Surv., folio 228 (1932) p. 10, 23. 
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exposed south of Blue Mountain is probably of an order of magnitude 
of only 3,000 feet.” 

The thickness of the Martinsburg is still a matter of dispute. Stose 
estimates a total thickness of 3,000 feet, whereas Charles H. Behre, Jr.** 
in his study of the slates of Pennsylvania gives a thickness of 11,000 
feet. Although the exact thickness is difficult of determination, the 
writer is firmly convinced that the figures given by Behre are more 
nearly correct. The thickness of the Wissahickon and the Martins- 
burg may, therefore, be said to be in agreement, although that, by 
itself, is of comparatively little value in correlating the Wissahickon 
and the Martinsburg. 

The writer has attempted to cull from the writings of Jonas, Knopf, 
and Stose the positive evidence offered in support of the pre-Cambrian 
age of the Glenarm series. He has not intentionally omitted or dis- 
torted any important statements. 


DESCRIPTION OF THE MARTIC OVERTHRUST 


In their description of the McCalls Ferry—Quarryville District, 
Knopf and Jonas *? announced the presence of the “Martic Over- 
thrust” and presented several lines of evidence to prove its existence. 
First, it may be well to call attention to the fact that the Martic over- 
thrust has been demanded because of the reference of the Glenarm 
series to the pre-Cambrian. Otherwise, it would surely not have been 
suggested as a major structural feature. The Martic overthrust is 
described in similar language in a number of publications by Jonas 
and Knopf, of which the following are typical: 


“The most important thrust fault of southeastern Maryland, the Martic Over- 
thrust, lies northwest of Baltimore County in Carroll and Frederick counties. 
It was first worked out in the McCalls Ferry-Quarryville area of Pennsylvania. 
It is a low angle overthrust with a southeast dipping fault plain called the Martic 
Overthrust and has carried the. rocks of the Glenarm series northwest over 
Paleozoic rocks.” “ 

“In Pennsylvania the pre-Cambrian Wissahickon albite-chlorite schist of the 
Martic Overthrust has unconformable contacts with Lower Cambrian and Ordo- 
vician rocks lying to the northwest of it. The thrust contains fensters of Ordo- 
vician limestone, where erosion has cut through the Wissahickon schist on the 
northern edge of the thrust block.” “ 


“Charles H. Behre, Jr.: Slate wn Pennsylvania, Pa. Top. and Geol. Surv., Bull. M 16 
(1933) p. 187. 

“E. B. Knopf and A. I. Jonas: Geology of the McCalls Ferry-Quarryville District, Pennsyl- 
vania, U. S. Geol. Surv., Bull. 799 (1929). 

43. B. Knopf and A. I. Jonas: Geology of the crystalline rocks of Baltimore County, Md. Geol. 
Surv., Baltimore County (1929) p. 191. 

“A. I. Jonas: Geology of the Kyanite Belt of Virginia, Va. Geol Surv., Bull. 38 (1932) p. 36. 
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“In Pennsylvania the pre-Cambrian Wissahickon albite-chlorite schist of the 
Martic Overthrust has discordant relations with rocks of Lower Cambrian and 
Ordovician age lying to the north and northwest of it. The thrust contains 
fensters of Ordovician limestone, where the Wissahickon albite-chlorite schist 
on the northern edge of the thrust block has been eroded through.” “ 


It thus appears that the evidence for the existence of the Martic 
overthrust was obtained in the McCalls Ferry—Quarryville district, 
and, therefore, it is appropriate to confine attention largely to that area. 

The authors ** state that “the existence of this extensive overthrust 
fault has . . . not been established -by the discordant relations seen 


in exposures of fault contacts.” 


EVIDENCE IN SUPPORT OF THE MARTIC OVERTHRUST 


1, ABNORMAL CONTACTS OF WISSAHICKON SCHIST WITH ROCKS OF CAMBRIAN AND 
ORDOVICIAN AGE 


The fault has “been inferred from the abnormal contacts of the 
pre-Cambrian Wissahickon albite schist and other pre-Cambrian 
formations with rocks of Cambrian and Ordovician age on the north 
and northwest.” 47 

“In Pennsylvania the pre-Cambrian Wissahickon albite-chlorite schist of the 


Martic Overthrust has discordant relations with rocks of Lower Cambrian and 
Ordovician age lying to the north and northwest of it.” “ 


Taking up the evidence as presented by Knopf and Jonas, we may 
consider first their statement of “the abnormal contacts.” According 
to their map of the McCalls Ferry—Quarryville district, from the 
eastern border of the region to the vicinity of the Susquehanna River 
the Wissahickon schist is everywhere in contact with the Conestoga 
limestone. No strikes and dips are given, although they are obtainable 
in many places. The writer and his associates have found a general 
agreement of dips and strikes of the limestones and schists. In the 
railroad cut west of New Providence, mentioned by Knopf and Jonas 
as the best exposed contact of the Conestoga and Wissahickon, the two 
formations are apparently conformable (Fig. 3), as described on a 
later page. 

In the vicinity of Safe Harbor a partly detached block of Wissa- 
hickon schist is shown in contact with the Vintage dolomite (Cam- 


# A. I. Jonas: Structure of the metamorphic belt of the southern Appalachians, Am. Jour. Sci., 
5th ser., vol. 24 (1932) p. 235. 

“EE. B. Knopf and A. I. Jonas: Geology of the McCalls Ferry-Quarryville District, Pennsyl- 
vania, U. 8. Geol. Surv., Bull. 799 (1929) p. 74. 

47 Op. cit., p. 74-75. 

“A. I. Jonas: Structure of the Metamorphic belt of the southern Appalachians, Am. Jour. Sci., 
5th ser., vol. 24 (1932) p. 235. 


4 
, 


EVIDENCE IN SUPPORT OF THE MARTIC OVERTHRUST 737 


brian) for a distance of two and a half miles. The structure at that 
point is complex, with sharply overturned beds, and is not easily com- 
prehended. The writer has made some observations in that region, 
without reaching any conclusions, although in a few particulars he is 
in disagreement with the mapping of Knopf and Jonas. The area 
warrants further study since the recent quarrying operations of the 
Safe Harbor Water and Power Corporation have facilitated obser- 
vations. 

In this small area near Safe Harbor it may be found that an over- 
thrust fault actually brings the Wissahickon in contact with the Vin- 
tage dolomite, but certainly such evidence is not sufficient to warrant 
the mapping of a great overthrust all along the northern border of the 
Wissahickon schist. Furthermore, if this proves to be an overthrust 
fault, it would not be an unusual occurrence, as local overthrust faults 
are not uncommon in southern Pennsylvania. A fault in that section 
surely could not have a displacement of more than a few hundred feet; 
certainly not twenty miles. Another possible “abnormal contact” 
shown on the map of the McCalls Ferry—Quarryville quadrangle 
occurs a few miles farther northwest at Long Level, York County, 
where the Peters Creek schist is shown in contact with the Conestoga 
limestone, a relationship brought about by a normal fault. 

Therefore, what is meant by “abnormal contacts” and “discordant 
relations” as applied to this region is not understood. If discordant 
dips and strikes constitute the “abnormal contacts,” some mention 
should be made of these observations, but published maps and texts 
omit all reference to dips and strikes. 


2. LIMONITE REPLACEMENTS AND LIMONITE QUARTZ BRECCIA 


“There is no evidence of a great amount of brecciation of rock along the plane 
of movement in any of the observed exposures. Near Quarryville the contact of 
albite schist and Conestoga limestone is a zone of limonite replacement. The 
limonite has cemented quartz fragments which may be part of a breccia produced 
along the fault contact. 

“This limonite-quartz rock is best exposed in a cut of the Pennsylvania Railroad 
2 miles west of Greentree. At many places along the fault contact in the vicinity 
of Quarryville limonite has been mined in the past, but the weathered exposures 
now to be seen throw no light on structural problems.” “ 


Specific localities where these can be seen are not given. The pres- 
ence of limonite quartz breccia along the Wissahickon—-Conestoga con- 


#9 E. B. Knopf and A. I. Jonas: Geology of the McCalls Ferry-Quarryville District, Pennsyl- 
vania, U. S. Geol. Surv., Bull. 799 (1929), p. 74. 
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tact has not been observed by the writer. He, too, has nowhere 
observed brecciation at the contact of the Wissahickon and the Con- 
estoga, nor has he observed a persistent “zone of limonite replacement.” 
He failed to note the exposure of limonite-quartz rock west of Green- 
tree. He failed to find iron mines more common along the contact of 
the Wissahickon and the Conestoga than elsewhere in the limestones 
and schists. There are several old iron mines in the vicinity of Quarry- 
ville. The limestones and the schists in that section are deeply decom- 
posed, and the weathered products have not been removed by erosion. 
With considerable pyrite originally present in both series of rocks, 
conditions are favorable for the accumulation of limonite ores. Such 
occurrences are fairly common throughout the Chester Valley, where 
one can find many abandoned iron ore pits. It would be regarded as 
of little significance to find some such occurrences at the contact of 
two formations. In fact, without any faulting it might seem natural 
to have more limonite ore deposits where two series of rocks of dif- 
ferent strength are in contact and have been subjected to great com- 
pressive forces as have been all the rocks of southeastern Pennsyl- 
vania. Circulation of underground water, which is responsible for the 
deposits, might be expected to be more active in such places. The 
writer, therefore, can not regard the evidence of cemented quartz frag- 
ments and the formation of limonite along the contact as having much 
weight in proving the existence of the “Martic Overthrust.” 


3. PRESENCE OF FENSTERS 


“From the irregular surface outline of the front edge produced by erosion and 
from the occurrence of ‘windows’ or ‘fensters’ of Conestoga limestone surrounded 
by Wissahickon albite schist near the northern edge of the overthrust mass west 
of Quarryville, it is evident that the fault plane has a low dip.”™ 


The two “fensters” of limestone mapped near Smithville northwest 
of Quarryville described in above quotation and in another quotation 
on a previous page are of doubtful existence. However, if present, 
they are equally well explained as the tops of low anticlines where the 
overlying rocks have been removed by erosion. The strata in that 
region generally have low dips, so erosion following gentle folding might 
easily remove the thin overburden of schists. In several places in 
the indicated “fensters” the areas mapped as Conestoga limestones are 
found to be Wissahickon schists. In one place these schists are slightly 
calcareous. No outcropping limestones have been observed. Unfor- 
tunately, there are but few exposures. 


Op. cit., p. 75. 
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EVIDENCE IN OPPOSITION TO MARTIC 
OVERTHRUST 


GENERAL STATEMENT 


Having examined and discussed the evidence pre- 
sented by Knopf, Jonas, and Stose, it now seems 
appropriate to express the views and evidence of the 
writer. The work which he has done between the 
Schuylkill and Susquehanna rivers, a distance of 60 
miles, has convinced him that in this entire region 
there is no fault of any consequence separating the 
limestones of the Chester and Lancaster valleys 
from the series of mica schists or phyllites lying to 
the south. In fact, at no point has he observed any 
evidences of even minor faulting, although it would 
not be surprising if some faults of small displace- 
ment should be present, since local faults in the lime- 
stones are fairly common. 


1. CONFORMABILITY OF WISSAHICKON SCHIST AND 
CONESTOGA LIMESTONE 
As stated by all the workers in the region, there 
are very few places where these rocks can be ob- 
served in actual contact. The weathered products 
of the schists forming the South Valley Hills have 
washed over the contacts, and there has been little 
need for excavations at the point by any industrial 
concerns. But there are opportunities to determine 
the dips and strikes of both the limestones and the 
schists in comparative proximity. Knopf and 
Jonas * refer to the few exposures of the Martic 
overthrust as follows: 


“All observed exposures of the fault contact are poor, but 
the best outcrop occurs in a cut of the Atglen & Susquehanna 
branch of the Pennsylvania Railroad 1 mile west of New 
Providence. This exposure shows Conestoga limestone in 
contact with folded Wissahickon albite schist, but the rocks 
are weathered and their relations are not clear.” 


The writer, assiste:: by D. M. Fraser and J. W. 
Coburn, has made a section of this cut, which 
appears as Figure 3. The greatly decomposed 


Op. cit., p. 74. 
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character of the rock introduces some possible errors, but it is believed 
to be fairly accurate. Anyone visiting the locality will need to observe 
very carefully in order to recognize the differences between the residual 
products of the micaceous limestones and the schists. Almost invari- 
ably a person seeing the micaceous residues of the impure Conestoga 
limestone for the first time would class them as residual schists. 

Many years ago Persifor Frazer took dips and strikes in many places 
in the Chester Valley and recorded the close agreement of the inclina- 
tion of the limestones and the schists. Other investigators have like- 
wise been impressed with this close agreement, and almost all have 
reached the same conclusion, that the two series of rocks are in con- 
formable contact. 

An examination of the sections that cross the Conestoga-Wissahickon 
contact, as published in the McCalls Ferry—Quarryville bulletin and 
the Coatesville—West Chester folio, especially those in the folio, show 
them to be extremely misleading. They indicate very low dipping 
limestones that have been over-ridden by the great block of Wissa- 
hickon schists. An examination of the strata along all these section 
lines east of Quarryville has shown steeply dipping beds in both the 
limestones and the overlying schists, and the inclination of the beds in 
each to be in agreement. It might be said that in most cases informa- 
tion was unobtainable along the exact line of the section but data could 
be obtained near-by. The published sections in the McCalls Ferry— 
Quarryville bulletin and the Coatesville—West Chester folio repre- 
sent the views of the authors concerning the Martie overthrust, but 
are not in accord with the facts in that the actual dips of both lime- 
stones and schists are not as shown. In support of the contention that 
the observations of dip and strike warrant the drawing of sections 
indicating conformability, several cross-sections are here offered, some 
of which are located near the lines of the published sections, a few of 
which are reproduced (Figs. 4, 5). 

In that part of the Chester Valley where the strata have remarkably 
uniform dips of 50° to 85° to the southeast, it is of import to note that 
the strike of the beds is the same as the contact of the limestone and 
schist, so far as data can be obtained. Not a single dip or strike, out 
of scores that have been taken, has indicated any marked discordance. 
Of course, it must be recognized that in the isoclinally folded beds of 
both the limestones and the schists there is not absolute agreement. 
When one finds this regularity over a distance of 48 miles it seems 
highly improbable that a fault block of 20 miles displacement could 
come to rest in this regular position. 
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It is recognized that there may be a difference of opinion concerning 
the bedding planes in the schists, and this matter has received con- 
sideration in the field. It is the writer’s belief that the dip and strike 
observations in the schists near the limestone border are approximately 
correct. Those in the adjoining micaceous limestones are much more 
dependable. The parallelism of the strike of the limestones and the 
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Ficure 4.—Sections through Pomeroy, across Wissahickon-Conestoga contact 
(a) By Stose (reproduced from Section A-A, Coatesville Quadrangle, Coatesville-West Chester 
Folio, No. 223, United States Geological Survey). 
(b) By Miller. Section based on dips and strikes taken at exposures near contact. Avérage 
strike of Conestoga N. 71° E. and of Wissahickon N. 76° E. Average dip of Conestoga 80° SE. 
and of Wissahickon 72° SE. 


trend of the schist-limestone contact is of major significance in dis- 
proving a great overthrust fault even without any observations within 
the schist. In discussion of this paper at Rochester, it was stated by 
Stose that the most prominent foliation planes of the Wissahickon 
schists are not parallel to the bedding planes and that the sections, 
offered by the writer, which show parallelism of the beds of the lime- 
stones and near-by schists are, therefore, in error. Undoubtedly this 
parallelism does not exist in certain places. This criticism does not 
seem to agree with the published statement of Knopf and Jonas ** that 
“The Glenarm schists in the overthrust block show two foliations—an 
older, more strongly developed foliation that is parallel to the bedding 
and a younger schistosity that makes an angle with the bedding.” 
The parallelism of foliation and bedding in the schists is the general 
rule existing in the Chester Valley. In the greatly disturbed area near 


52 Op. cit., p. 182. 
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the Susquehanna River in many places the foliation can be seen cutting 
the bedding planes. 

Knopf and Jonas * say “it is known that the overthrust occurred 
later than the folding of the Ordovician Conestoga limestone, which it 
bevels.” Search for published evidence of any beveling of the lime- 


() 
NORTH Concealed SOUTH 
CONESTOGA 
¥ 
(6) 
NoRTH SOUTH 
5 lnterbedded Schisty. oncecled« 
\) 
CONESTOGA 


Ficure 5.—Sections across Wissahickon-Conestoga contact 
(Not drawn to scale in regard to thickness of individual members.) Sections based on dips 
and strikes taken at exposures near contact. 
(a) Section one-third of a mile west of Schuylkill Rvier, Montgomery County. Average 
strike, Conestoga N. 67° E.; dip 77° SE. Average strike, Wissahickon N. 68° E.; dip 71° SE. 
(b) Section at Howellville, Chester County. Average strike, Conestoga N. 79° E.; dip 
65° SE. Average strike, Wissahickon N. 74° E.; dip 71° SE. 


stone strata has been in vain, nor has the writer anywhere observed 
any field evidence in support of this idea. 

Bascom * has presented evidence for her belief in the conformability 
of the mica schists of the South Valley Hills and the Ordovician 
(Conestoga) limestone in the following quotation: 


“The contact of the muscovite schist with the Ordovician limestone of Chester 
Valley is apparently conformable; this is indicated (a) by a lithologic gradation 
Op. cit., p. 79. 


%F. Bascom and G. W. Stose: Description of the West Chester and Coatesville Quadrangles, 
U. S. Geol. Surv. atlas, folio 223 (1932) p. 5. 
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shown in the micaceous character of the upper limestone beds and the limy 
character of the lower beds of the mica schist in an apparent syncline at the 
Howellsville quarries, 142 miles northeast of Paoli; (b) by the nature of the 
contact; where this can be observed, as at a small quarry 1% miles northwest 
of Gulf Mills, in the Norristown quadrangle, it is either straight and parallel 
to the stratification of the two formations or there is a refolding of the beds in 
which both formations participate; (c) by failure to find evidence of the cutting 
out of limestone beds; south of Gulf Mills, in the Norristown quadrangle, the 
mica schist shows a synclinal structure with limestone exposed on both limbs 
and in the axis of the fold to the northeast, beyond Conshohocken; the syncline 
pitches southwest, and the schist is eroded to the northeast and widens to the 
southwest until concealed under the thrust fault of pre-Cambrian rocks; (d) by 
the similarity in chemical constitution respectively of the Martinsburg shale 
and the conformably (?) underlying limestone of the great valley and the mica 
schist of the South Valley Hills and underlying limestone of the Chester Valley, 
which constitutes a presumption in favor of a like age and relationship. Any one 
of these observations taken singly is capable of another interpretation, but the 
combined observations seem to the writer to point to similar relations between 
the mica schist and Cambrian and Ordovician formations and to the Ordovician 
age of the schist.” 
2. ABSENCE OF BRECCIA OR MYLONITE 


Knopf and Jonas ** discuss this matter as follows: 


“No mylonite has been observed in the few localities where the overthrust plane 
is visible. The absence of brecciated and mylonitized rock along such a plane 
of movement is not as surprising as it might at first seem, because a strong meta- 
morphism has succeeded or accompanied the overthrusting. Mylonites if ever 
present may have been obscured by this later metamorphism. It is more prob- 
able, however, as suggested by Bailey (E. B. Bailey: The metamorphism of the 
southwest Highlands, Geol. Mag., vol. 60, 1923, p. 317), in his paper on the Scottish 
Highlands, where there is a similar absence of mylonites along a plane of over- 
thrust, that the overthrusting took place in a deep zone where the temperature 
was sufficiently high to allow recrystallization to take place at the same time as 
the overthrusting, hence mylonites would not be formed.” © 


The explanation offered for the absence of broken or deformed strata 
along a fault plane where a great block, 8,000 to 10,000 feet thick, has 
been overthrust to a distance of “at least 20 miles” does not appeal to 
the author as adequate. Locally even this might occur, but it is very 
doubtful if such a condition should persist for scores of miles. It is 
readily admitted, however, that there may well be an honest difference 
of opinion on this point. 


55 Op. cit., p. 35. 

6 Arthur Keith, in commenting on this quotation, remarks that ‘‘No ‘deep zone’ was reached 
by the middle Ordovician Conestoga limestone nor was metamorphism even strong enough to 
obliterate fossils,” 
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A minor bit of evidence opposed to the presence of a great over- 
thrust is concerned with springs. In various places in southeastern 
Pennsylvania there are local faults, both normal and thrust, in which 
the fault line is characterized by a series of springs, some of which 
furnish water from deep sources. The investigations of the writer 
indicate that the line of the so-called “Martic Overthrust” in the 
Chester Valley is singularly free of springs or seepages. 


3. TOPOGRAPHIC CHARACTERISTICS OF CHESTER VALLEY 


If a great block was thrust northward at a low angle, as claimed, it 
seems almost impossible to have a valley of the type of the Chester 
Valley develop by subsequent erosion. One of the most striking fea- 
tures of that valley is the straight line of the bounding schist hills. To 
make it even more difficult to develop a valley of this type, where a 
block of relatively insoluble rocks has been thrust over a great mass of 
limestones, it should be mentioned that this straight narrow valley, 
48 miles long from the Schuylkill River to Quarryville, is not traversed 
by any longitudinally flowing stream. Several small streams follow 
the valley for a few miles and then break through the schist ridge to the 
south or the quartzite ridge to the north. On the other hand, the 
straight valley, parallel in direction to the prevailing strike of both the 
limestones and the schists, is exactly what one might exnect to develop 
where thick beds of limestones and schists with steeply dipping con- 
formable beds of fairly uniform strike are in contact. 

Where the dips become gentle and variable the line of contact 
becomes much more sinuous and the topographic features less marked. 
This is prominently shown in the vicinity of New Providence, Lan- 
caster County. Here the topography might equally well be developed 
as the result of an overthrust of schist on limestone or as the erosion 
features of conformable schists on limestones. Both series of beds, 
as shown in Figure 3, have been folded. 

The sharp change in topography, from the region where the dips of 
the strata are steep to that where the beds are flat or undulating with 
generally low dips, is one of the major arguments in disproving the 
existence of the Martic Overthrust throughout the entire region between 
the Schuylkill and Susquehanna rivers. 


4. CONTINUOUS CONTACT OF WISSAHICKON AND CONESTOGA BETWEEN SCHUYLKILL 
AND SUSQUEHANNA RIVERS 


Throughout the entire distance from the Schuylkill to the vicinity 
of the Susquehanna River, a distance of 70 miles along the line of 
contact, the Wissahickon schist is in contact with the Conestoga lime- 
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stone, both in areas of low dipping strata as well as where the beds are 
steep. When one realizes that the Conestoga is given a thickness of only 
500-+- feet and that its entire band of outcrop is everywhere narrow 
between the Schuylkill River and Quarryville, even though there are 
many minor isoclinal folds, it is highly improbable that the erosion 
remnants of a great overthrust fault carried 20 miles northward would 
everywhere leave the schist in contact with the same limestone. At 
no place is the Conestoga limestone concealed, and apparently no- 
where in this long distance have any of its beds disappeared. The 
width of the outcropping band depends on the inclination of the beds, 
but there appears to be approximately the same thickness of the 
Conestoga exposed along the north side of the schist all the way be- 
tween the Schuylkill and the Susquehanna. If the Martic overthrust 
exists, surely somewhere in this area the schist would have overridden 
the Conestoga outcrop or some formation next younger would now be 
exposed. 

On a previous page the contact of the Wissahickon schist and the 
Vintage dolomite, as shown on the McCalls Ferry map, in the vicinity 
of Safe Harbor has been discussed. 


5. ABSENCE OF ANY MARTINSBURG OR COCALICO SHALES IF 
WISSAHICKON IS PRE-CAMBRIAN 


All through the Great Valley the limestones of equivalent age to 
the Conestoga are overlain by great thicknesses of shales constituting 
the Martinsburg formation. One would surely expect these to have 
been deposited in the Chester Valley region, but nothing corresponding 
to them is recognized by Knopf, Jonas, and Stose. Do they exist 
beneath the overthrust fault block, and are they still concealed? The 
similarity of the Martinsburg shales and slates and the Wissahickon, 
Peters Creek, and Peach Bottom schists and slates, with regard to 
thickness, lithology, and stratigraphic position, surely must suggest to 
any geologist their approximate correlation. The degree of meta- 
morphism is different, but this fact offers little difficulty in correlation. 


6. GREAT EXTENT OF THE PROPOSED OVERTHRUST 


Jonas *? has described the extent and origin of the Martic over- 
thrust as follows: 


“The Martic Overthrust was described originally in Pennsylvania. It has 
been traced southwestward across Maryland and across Virginia east of Lynch- 


57 A. I. Jonas: Structure of the metamorphic belt of the southern Appalachians, Am. Jour. Sci., 
5th ser., vol. 24 (1982) p. 230-231. 
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burg and Henry, and west of Stuart. It crosses North Carolina west of Mount 
Airy, Wilkesboro, Linville Falls and Brevard. Passing across northwestern South 
Carolina it continues southwestward through Gainesville, across Georgia, and 
across Alabama near Wedowee. 

“The rocks of the Martic thrust block lay east of the deeper part of the 
Paleozoic geosyncline. It arose as a great fold in the late Paleozoic diastrophism 
and the fold was pushed to a horizontal attitude, and its lower limb was drawn 
out and finally broken and it was driven westward for 15 to 20 miles as a great 
overthrust fault or nappe over the rocks of the Catoctin-Blue Ridge anticli- 
norium.” 


We have offered to us a type of Appalachian structure that is unique. 
In the entire Appalachian system no other single fold or fault of equal 
length has ever been described. It is decidedly inconsistent with 
northern Appalachian structure, where parallel folds and faults, both 
normal and thrust, arranged en échelon, seldom extend for more than a 
score of miles. This is exceeded in a few cases. That such uniformity 
of orogenic forces acting on heterogeneous materials of varied strengths 
should produce a displacement of a 10,000-foot block to the distance 
of 15 to 20 miles (or even 50 to 100 miles, according to statement by 
Stose) all the way from New Jersey to Alabama does not seem reason- 
able. In addition, when it is found that the “recognition” of such a 
fault rests on extremely meager and controversial evidence, it seems 
unfortunate that these claims have not earlier been challenged before 
finding their way into text books and works of reference. 


EVIDENCE AGAINST THE PRE-CAMBRIAN AGE OF THE 
GLENARM SERIES 


GENERAL STATEMENT 


The entire series of strata constituting the Glenarm series, described 
by Jonas, Knopf, and Stose as pre-Cambrian, is believed to be of 
Paleozoic age, as generally held by former workers. The arguments 
for this belief are, unfortunately, less conclusive than one might wish, 
as fossils are extremely few. Bascom believes that the southeastern 
part of the Wissahickon formation, as now defined by Jonas, Knopf, 
and Stose, is pre-Cambrian and that the northwestern portion is Ordo- 
vician. She offers several arguments for this view in the text of the 
Coatesville—West Chester Folio.*® The writer has made only casual 
investigations in the region where Bascom is inclined to place the con- 
tact and therefore does not attempt to decide this point. He is dis- 


58 Keith states that a fault with the course described by Jonas is not possible. 
& F. Bascom and G. W. Stose: Description of Coatesville-West Chester Quadrangles, U. S. 


Geol. Surv., folio 223 (1932) p. 5 and 6. 
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posed to regard all the strata above the Baltimore gneiss as Paleozoic, 
but feels that Bascom’s views, based on years of detailed field work, 
warrant careful consideration. It is hoped that the schists imme- 
diately above the Baltimore gneiss may be carefully restudied. 


1. FOSSIL EVIDENCE 


Very few fossils have been reported from any of the strata included 
in the “Glenarm series” and none by recent workers. The formations 
that the writer believes to be the correlatives of the Glenarm are 
sparingly fossiliferous in regions where less metamorphism has taken 
place. It is therefore not surprising that they have rarely been re- 
ported from any of the strata southeast of the Chester Valley. 

In his final report on the Geology of Pennsylvania, Henry D. 
Rogers,” in describing the limestones and associated siliceous rocks of 
the Doe Run—Avondale region, says: “Obscure traces of the Scolithus, 
the sole fossil of the Primal white sandstone yet discovered in Penn- 
sylvania, have been once or twice met with upon loose fragments of 
the rock.” 

Persifor Frazer reported “evident traces of Scolithus linearis” near 
Avondale. If these reports are accepted they furnish fairly conclusive 
evidence for the correlation of the Setters and Chickies formations 
and establish the Cambrian age of the quartzites underlying the 
Cockeysville marble. Rogers and Frazer were both able geologists and 
should not fail to identify this well known fossil. The writer has 
made some search for fossils in the “Setters” near Avondale, but with- 
out success. 

In discussion of this paper at Rochester, C. E. Resser seemed in- 
clined to minimize the importance of this evidence and stated that 
similar markings (worm borings?) had been found in pre-Cambrian 
strata. C. D. Walcott used Scolithus in Pennsylvania as an index 
fossil of the Lower Cambrian siliceous sediments. On the north side 
of Chester Valley, only a few miles to the northeast of Doe Run— 
Avondale, abundant specimens of Scolithus linearis are contained in 
the Chickies sandstone. 

The only other fossils thus far reported from strata of the Glenarm 
series are some specimens named Buthotrephis fleruosa and an un- 
identified graptolite from the Peach Bottom slates. J. P. Lesley ™ 
describes the occurrence as follows: 


© Henry D. Rogers: Geology of Pennsylvania, vol. 1 (1858) p. 229. 
613. P. Lesley: Age and position of the Peach Bottom slates, Am. Phil. Soc., Pr., vol. 18 


(1879) p. 364-369. 
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“Prof. Lesquereux has just determined Buthotrephis fleruosa on a slab of 
roofing slate from the quarries on the Susquehanna river near the Maryland line. 
This is a most important discovery. 

“There seems to be no doubt that the slabs came from the Peach Bottom 
quarries as asserted.” 


A few years later, Persifor Frazer ® described the occurrence as fol- 
lows: 


“Several very interesting plant forms have been observed in the Peach Bottom 
slates, the latest specimens having been furnished the writer by Professor I. N. 
Rendall, President of Lincoln University, Chester County. (These specimens 
were exhibited to the Institute.) They were sent to Professor James Hall of 
Albany, who was kind enough to examine them, and furnish the following com- 
munication: 


“Albany, September 18th, 1883. 


“Dr. Persifor Frazer. 
“My dear Sir: 


“The specimens, of which the representations will be found in the accompanying 
plates, present the appearance of the older shales of the Quebec group, but, so 
far as lithological aspect is concerned, may as well be of Hudson-River age. 

“The conspicuous fossils have the character of marine vegetation, and the 
aspect of Algae. I find that the forms have been replaced by a film of iron 
pyrites, and the larger lobed and branching one (upon the largest specimen of 
slate marked A) shows considerable thickness of this pyritous film, which appears 
as if it might have filled a vesicular substance, and have been flattened under 
pressure, the margins being well defined. These forms might be compared to 
dendritic markings, which sometimes occur in slates and sandstones, but the 
thickness of the substance and the distinct limitation of the part suggest an 
organic origin. 

“The most nearly allied forms, so far as I have observed, among known 
organic bodies, are the recent Halymenia and the fossil genus Halymenites. 
This form is also not unlike some of the Buthotrephis of the older limestones. 

“The other forms on the specimens B and C are distinctly organic in their 
character and mode of occurrence, and belong to some algoid form. They have 
some resemblance to Laminarian forms, as represented in Laminarites Lagrangei, 
by Saporta and Marion, and are too rigid in mode of growth to be referred to 
Chondrites. 

“Those on B are not very unlike some forms which have been referred to 
Buthotrephis, only much larger and stronger than any which I know. 

“The specimens on C are fragmentary, smaller, and somewhat more rigid than 
the others, but apparently of the same species as those on B. Both of these are 
more rigid than ordinary forms referred to Buthotrephis, but I do not find any- 
thing else with which to compare them. 


6 Persifor Frazer: The Peach Bottom slates of southeastern York and southern Lancaster 
Counties, Am. Inst. Min. Eng., Tr., vol. 12 (1884) p. 353-359. 
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“The specimen E presents a more or less distinctly limited circular area, mainly 
distinguishable from the surrounding surface by its difference of color. Under 
a lens, this area shows no evidence of structure other than the ordinary slaty 
surface; but in certain light I think I can see, by the naked eye, faint markings 
as if of branches, radiating in an irregular manner from the centre, and bifurcating 
in their course. This reminds me strongly of some Graptolitic forms, such as 
Graptolithus rigidus and Graptolithus Logani, in the absence of the disk. On 
the same specimen E, marked by a round red ticket, and between the ticket and 
the margin of the disk referred to, there is a fragment of a Graptolite with 
serrated margins. 

“T have also indicated, by red tickets, two points upon the recently separated 
surface of B, which appear to be marked by Graptolitic fragments. The numerous 
black points have the same appearance as the fragments of Graptolites on our 
Graptolitic slates of the Hudson-River group. 

“Although I can find nothing which will give positive information of the actual 
horizon of these slates in the geological series, there can be no doubt but they 
occupy a place either in the Hudson-River or Quebec series, and not unlikely 
in the latter. 

“T am, very truly yours, 
“James Hall.” 


It is difficult to evaluate properly the fossil evidence as presented, 
but it may be regarded as possessing considerable weight if supported 
by other evidence. Others have searched the waste piles at the Peach 
Bottom slate quarries for fossils, but in vain. If we accept the Hud- 
son-River (Martinsburg) age of the Peach Bottom slates, it is scarcely 
possible to do other than place the whole Glenarm series in the Paleo- 
zoic. 

Knopf and Jonas in several places partly admit the possibility that 
the Peach Bottom slates and the underlying Cardiff conglomerate may 
not belong to the “pre-Cambrian Glenarm Series” and that the Peach 
Bottom slate of Pennsylvania and Maryland may be the equivalent 
of the Arvonia slate of Virginia, where Darton ® and others have 
found “crinoids, brachiopods and trilobites of late Ordovician age.” 

Jonas * makes the following statement: 


“The Arvonia slate is similar in character also to the Peach Bottom slate of 
Maryland and Pennsylvania, whose age is not known because no fossils have been 
found in it.” 


This is a more definite rejection, without explanation, of Hall’s 
determination of the fossils from the Peach Bottom slates than that 
previously made by Knopf and Jonas, but indicates a belief that the 


63N. H. Darton: Fossils in the “‘Archaean” rocks of central Piedmont Virginia, Am. Jour. Sci., 
3rd ser. (1892) vol. 44, p. 50-52. 
«A. I. Jonas: Geology of the Kyanite Belt of Virginia, Va. Geol. Surv., Bull. 38 (1932) p. 25. 
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Peach Bottom slates (and the Cardiff conglomerate) may possibly be 
Ordovician.® 

If these upper members of the Glenarm series are taken from the 
pre-Cambrian and placed in the Paleozoic, it is difficult to see why 
the Peters Creek formation should not also be treated in the same 
way, if one accepts the evidence offered in the following quotation: 


“In Pennsylvania there is no difference in trend between the Cardiff conglom- 
erate and Peach Bottom slate and the underlying Peters Creek formation, and 
there is an apparent gradation from fine pebbly sandstones in the upper beds of 
the Peters Creek formation through coarser beds into the Cardiff conglomerate. 
Therefore, if a depositional break occurred between the two formations the 
field evidence indicates that it was not an angular unconformity. In the absence 
of any definite proof that it is Cambrian, (why Cambrian and not Ordovician?), 
the Cardiff conglomerate has been included in the pre-Cambrian Glenarm series. 

“The Cardiff conglomerate grades upward through beds of alternating con- 
glomerate and slate into roofing slates, which form an area about 6 miles long 
and half a mile wide. These slates, which are well known to the trade as the 
Peach Bottom ‘black roofing’ slate, have a probable thickness of 1,000 feet and 
show a uniform steep south dip, which coincides with the cleavage.” ~ 


In these quoted passages, the Peters Creek schists and sandstones 
in contact with apparent conformity to the Cardiff conglomerate can 
scarcely belong to periods as far apart as the pre-Cambrian and the 
Ordovician. If the Peters Creek strata are pre-Cambrian and partic- 
ipated in a pre-Cambrian period of folding, as claimed for the entire 
Glenarm series, it is almost inconceivable that Ordovician sediments 
constituting the Cardiff conglomerate and the Peach Bottom slate 
could be laid down on them without an angular unconformity. 

If, then, the Peters Creek should be put in the Paleozoic, a similar 
argument would put the Wissahickon there also. In other words, it 
appears that the entire Glenarm series shows no marked break as has 
been stated by Knopf and Jonas ® in their report on the Geology of 
Baltimore County: 


“The recent work of the writers in Baltimore County has established an uncon- 
formity between the base of the Glenarm series and the underlying Baltimore 


In a written statement, under date of March 1, 1935, Stose says, “I have long been of the 
opinion from lithologic character, metamorphism, and stratigraphic relations and position, that 
the Peach Bottom slate is Ordovician or Cambrian. The inclusion of the Peach Bottom slate in 
the Glenarm series has long been abandoned by Miss Jonas and myself.” This change of view was 
unknown to the writer, who supposed that they still held to their former belief. The Peach Bottom 
slate and Cardiff conglomerate were included in the Algonkian (?) Glenarm series in the Coates- 
ville-West Chester Folio of the U. S. Geological Survey, issued in 1932. 

 E. B. Knopf and A. I. Jonas: Geology of the McCalls Ferry-Quarryville District, Pennsyl- 
vania, U. S. Geol. Surv., Bull. 799 (1929) p. 39. 

* E. B. Knopf and A. I. Jonas: Geology of the crystalline rocks of Baltimore County, Md. 
Geol. Surv., Baltimore County (1929) p. 181. 
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gneiss, but hag entirely failed to reveal any proof of unconformity within the 
Glenarm series.” 


If one accepts this conclusion, the Glenarm must be entirely placed 
in the Paleozoic if a single member of the series is shown to belong 
there. The writer believes that the Peach Bottom slates are Ordovi- 
cian and considers the pre-Cambrian age of any of the Glenarm mem- 
bers as highly improbable. 


2. COMPLETE ABSENCE OF GLENARM SERIES NORTHWEST OF CHESTER VALLEY 


The Glenarm series resting upon the Baltimore gneiss is reported 
to have an aggregate thickness of 8,000 to 10,000 feet. The numerous 
workers in Lower Paleozoic strata all through the Appalachian region 
have failed to report any trace of this series in the Great Valley. 
Lower Cambrian rocks are found resting on gneisses, generally con- 
sidered to be in part equivalent to the Baltimore gneiss. It does not 
seem reasonable that such a thickness of sediments could have been 
as localized as the Glenarm strata now are or, if once widespread, as 
would seem more reasonable, to have been so completely removed. 
The absence of the Glenarm series in the Great Valley casts consider- 
able doubt upon the former existence of 10,000 feet of pre-Cambrian 
sandstones, limestones, and shales. 

Even more dubious is the entire absence of the Glenarm series in 
Mine Ridge, less than a mile to the north of the “Martie Overthrust.” 
Here lower Cambrian quartzites are shown to rest unconformably upon 
ancient gneisses which are correlated with the Baltimore gneiss. 
Knopf and Jonas ® discuss this situation and reach the following con- 
clusion: 

“The disappearance of Glenarm sediments north of Chester Valley is probably 
due to the thinness of sedimentation there as compared with the area of the 


Avondale-Kennett uplift, which originally lay at least 20 miles farther south of 
Chester Valley, its present position being due to northward overthrusting.” 


Even though the Wissahickon schists, now so near Mine Ridge, were 
at the time of deposition 20 miles farther away, one would scarcely 
expect to have no deposition in the Mine Ridge area or to have all 
traces of the 10,000-foot Glenarm series removed if originally present; 
or, if absent in some places, it does not seem reasonable that every- 
where to the northwest of the so-called Martic overthrust it would be 
completely obliterated. 


« E. B. Knopf and A. I. Jonas: Geology of the McCalls Ferry-Quarryville District, Pennsyl- 
vania, U. S. Geol. Surv., Bull. 799 (1929) p. 83. 
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3. LITHOLOGIC SIMILARITY OF SCHISTS INTERBEDDED WITH CONESTOGA 
LIMESTONES AND SCHISTS OF THE WISSAHICKON 


In the vicinity of Howellville (Fig. 5b), interbedded schists, 115 
feet in thickness, constituting a member of the Conestoga limestone, 
have been examined in thin section by D. M. Fraser, in comparison 
with the Wissahickon schists outcropping about one-fourth of a mile 
away. The close similarity of the two seems to indicate a common 
history. If the Wissahickon schists are pre-Cambrian and the Cones- 
toga schists Ordovician, one would naturally expect to find much 
greater differences. The Wissahickon schists should be much more 
highly metamorphosed than the schists interbedded with the Conestoga 
limestone. Retrogressive metamorphism (diaphthoresis) in the Wis- 
sahickon schists has been suggested as a cause for the metamorphism 
not being more intense, but, so far as known, this has not been shown 
to apply to the schists close to the Conestoga limestone. 


4. SIMILARITY OF ROCKS OF GLENARM SERIES AND CAMBRO-ORDOVICIAN 
SEDIMENTS OF CHESTER VALLEY 


A. C. Hawkins called attention to the similarity of the Glenarm 
series in the Avondale region and the series of sediments in Chester 
Valley. His arguments seem to be valid and furnish strong reasons 
for placing the entire Glenarm in the Paleozoic. Knopf and Jonas 
dispute this similarity, as stated on a previous page. The agreement 
in sequence, character, and thickness of the individual formations 
may be merely a coincidence, but that scarcely seems probable. 


5. COMPARISON OF STRATA OF LEHIGH AND CHESTER VALLEYS 


After working for years in the Lehigh Valley, the writer was em- 
ployed for a few seasons in the Chester Valley in a study of the lime- 
stones that might be suitable for the manufacture of Portland cement. 
Very early, many similarities were recognized, and the differences were 
even less than might be expected in two valleys 40 miles apart. In 
both valleys the basal Cambrian sandstone rests upon ancient gneisses 
and is overlain by dolomitic limestones, also of Cambrian age. The 
Beekmantown limestones, consisting of interbedded low and high mag- 
nesian strata in both valleys, contain determinable fossils in a few 
localities. Above the Beekmantown in the Lehigh Valley is the Jack- 
sonburg limestone so extensively employed in cement manufacture, 
in which the lower portion consists of high grade crystalline fossil- 
iferous limestones passing upward into less fossiliferous argillaceous 
limestones. In the Chester Valley, rocks similar in chemical com- 
position and in other characteristics and in the same sequence were 
found. Fossils, however, have not been found in these rocks in the 
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Chester Valley. If originally present, they have been destroyed in 
the recrystallization of the limestones. These argillaceous limestones 
in the two regions are very unlike in physical appearance, in that the 
Chester Valley rock has coarse muscovite flakes developed along the 
bedding planes, whereas in the Lehigh Valley the sericite flakes are 
minute in size. Further, the Lehigh Valley stone contains much more 
carbonaceous material. The similarity of the limestones in the two 
valleys was established through scores of chemical analyses, and the 
physical differences explained by the different degrees of metamor- 
phism to which the rocks of the two regions have been subjected. In 
the Chester Valley these argillaceous rocks constitute the Conestoga 
limestone. 

On the basis of similarity in chemical composition, a cement plant 
was established at West Conshohocken, in the Chester Valley, by a 
company long engaged in cement manufacture in the Lehigh District, 
and is producing cement of the same character as that of the Lehigh 
Valley, from the same type of rocks found in the Lehigh Valley cement 
district. 

One difference between the Jacksonburg and the Conestoga is the 
presence of a band of phyllites or schists that separates the less argil- 
laceous and the more argillaceous members of the Conestoga forma- 
tion throughout a considerable portion of the Chester Valley. At 
Howellville these interbedded schists are 115 feet in thickness (Fig. 
5b). Some of the earlier geologists explained these schists as basal 
Cambrian beds that had been forced upward in a close anticlinal fold, 
and others interpreted them as tight synclinal folds of the schists 
overlying the Conestoga. 

On the basis of a single new species of brachiopod found in the 
Conestoga of York County, described and named Strophomena stoset 
by R. S. Bassler, and another new species named Acidaspis ulrichi, and 
some fossils in which the genera only were determinable, found in 
some limestones near Frederick, Maryland, the Conestoga in part has 
been referred to the Chazy. Bassler ® does not make any exact refer- 
ence but says “this particular association of species is also noteworthy 
because neither the fauna itself nor the beds containing it can be cor- 
related directly with any Appalachian Valley formation. However, 
the fauna suggests a Chazyan or early Mohawkian age with the pos- 
sibility more in favor of the former.” 


®R. S. Bassler: The Cambrian and Ordovician deposits of Maryland, Md. Geol. Surv., Cam- 
brian and Ordovician (1919) p. 117. 


754 8B. L. MILLER—AGE OF THE SCHISTS OF SOUTH VALLEY HILLS 


The Jacksonburg is distinctly younger than the Chazy. Because 
of the similarity of the Jacksonburg and the Conestoga both in chemi- 
cal composition and in stratigraphic position, and the poor paleonto- 
logic evidence, it seems reasonable to accept Bassler’s alternative 
reference of the Conestoga to the early Mohawkian. With existing 
information this correlation is preferred. It permits the approximate 
correlation of the Jacksonburg with the Conestoga. There are, it is 
true, some features of the Lehigh Valley Jacksonburg, more or less 
local, that are entirely lacking in the Conestoga of the Chester Valley. 
The most prominent of these is a highly fossiliferous lower member, 
well developed within Northampton County and northern New Jersey. 

In the Lehigh Valley the Jacksonburg is overlain by the Martins- 
burg with apparent conformity in most places, just as the Wissahickon 
rests upon the Conestoga in Chester Valley. In a few instances the 
Martinsburg is found some miles to the south, in detached masses 
overlying older formations, just as the Wissahickon may do in a few 
cases. These seem to be caused by overlap. 

The great thickness of Martinsburg rocks of the Lehigh Valley is 
approximately the same as the combined thickness of the Wissahickon 
and Peters Creek schists of Chester and Lancaster counties, thus com- 
pleting the comparison of the two regions. The two valleys are, there- 
fore, shown to be remarkably similar if one correlates the Martinsburg 
with the Wissahickon. 


SUMMARY AND CONCLUSIONS 


The review of the opinions of the leading investigators who have 
worked in the Chester Valley region of southeastern Pennsylvania 
shows wide diversity. The interpretations of some of the early work- 
ers have been definitely discarded even though some of their observa- 
tions are useful to present day geologists. Since 1923 nearly all the 
publications on the area have been made by E. B. Knopf, A. I. Jonas, 
and G. W. Stose. They have put forth some ideas greatly at variance 
with those held by F. Bascom and others who preceded them. The 
major problem concerns the age of the schists that border the south 
side of Chester Valley. Bascom has referred them to the Ordovician, 
whereas the more recent workers have placed them in the pre-Cam- 
brian. The writer, while engaged in an extensive economic study of 
the limestones of the Chester Valley, became interested in the problem 
and spent considerable time examining different localities between 
the Schuylkill and Susquehanna rivers, that seemed to him to be criti- 
cal. The limestone studies were facilitated and checked by several 
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score diamond drill cores and hundreds of chemical analyses. In addi- 
tion, the writer has endeavored to obtain as much as possible of the 
evidence that has been used by other workers in the region in reach- 
ing their conclusions. He attempts to evaluate the field evidence 
collected by himself and the published evidence of others and reaches 
the conclusion that Bascom’s views concerning the age of these schists 
should not have been set aside. In some other instances the writer 
holds somewhat diverse views than those of Bascom. 

Inseparably connected with the discussion of the age of these schists 
is the problem of the presence or absence of a great overthrust, desig- 
nated as the “Martic Overthrust,” by which a mass of supposedly 
(according to Knopf, Jonas, and Stose) pre-Cambrian rocks, 8,000 
to 10,000 feet in thickness, was moved northwestward “15 to 20 miles” 
and brought in contact with Ordovician limestones. Evidence for 
and against this “overthrust” has also been considered. The writer 
concludes that an extensive overthrust does not exist, a conclusion that 
agrees with the reference of the South Valley Hills schists to the 
Ordovician. 

Although not discussed in this paper, it is suggested that in the Safe 
Harbor region we are dealing with an unconformable overlap which 
has been interpreted as an overthrust. 

The writer does not claim that his observations and the discussion 
contained in this paper are sufficient to settle the entire problem. He 
does believe, however, that the facts and arguments here set forth are 
sufficient to justify a careful re-examination in the field of all the 
evidence put forth by the two opposing sides. Unquestionably much 
more exact evidence than that thus far considered is obtainable. 

The problem has been mainly discussed as though it were extremely 
local, but it distinctly is not so. On its proper solution hinges the 
interpretation of much of the geology of the entire Piedmont Plateau 
of the eastern United States, inasmuch as the “Martic Overthrust” 
and the Glenarm series have been described as extending from New 
Jersey to Alabama. H. P. Woodward” has discussed this question 
in considerable detail in a paper that has just been published. 

The writer wishes to acknowledge the assistance which he has re- 
ceived in the assembling of data and the preparation of this paper 
from many of his geological colleagues but particularly from Dr. E. H. 
Watson, of Bryn Mawr College, and Dr. D. M. Fraser, of Lehigh 


7 Herbert P. Woodward: Pal. ic formations east of main azis of Appalachian uplift, Pan-Am. 
Geol., vol. 63 (1935) p. 97-114. 
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University, who have accompanied him in the field on several occa- 
sions. 

Shortly before the completion of the preliminary manuscript of this 
paper, the author learned of the investigations of J. Hoover Mackin 
in the Chester Valley region. Correspondence and the examination of 
a manuscript by Professor Mackin revealed that similar conclusions 
had been reached but by different lines of evidence. Worked out 
independently, the two papers are considered as supplementing each 
other. 
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INTRODUCTION 


The Reading-Boyertown Hills of Pennsylvania are a part of the 
Appalachian Mountains, which lie between the Great Valley on the 
north and the Triassic belt on the south and extend from their western 
end in South Mountain, southwest of Wernersville, northeastward 
across eastern Pennsylvania into the Highlands of New Jersey and 
into New York (Figs. 1, 3, Pls. 52, 53). 

These hills or irregular low linear ridges have an average altitude 
of 1,000 feet and reach a maximum altitude of 1,300 feet in South 
Mountain southwest of Wernersville. The ridges are separated by 
flat-bottomed, steep-sided valleys, and in their south-central part are 

* Manuscript received by the Secretary of the Society, March 18, 1935. 


+ Published with the permission of the Director of the United States Geological Survey and 
of the State Geologist of Pennsylvania. 
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divided by the wide flat Oley Valley (Pl. 52). The mountain belt 
is 10 miles wide north of Reading and narrows from this width north- 
eastward. 

The Paleozoic and Triassic rocks of the Reading, Boyertown, Qua- 
kertown, and Doylestown quadrangles were mapped from 1909 to 1914 
by E. T. Wherry. The pre-Cambrian rocks of the Reading, Boyers- 


o S 30 


Ficure 1.—Generalized geological map of the mountain area between the Schuylkill and 
Hudson rivers 


Showing relation of the Reading-Boyertown Hills to the Highlands of New Jersey and New 
York. Dense vertical-ruled pattern, the overthrust sheet of the Reading-Boyertown Hills and 
South Mountain described in this paper; hachure pattern (p€), chiefly pre-Cambrian rocks of 
the Highlands of Pennsylvania, New Jersey, and New York, part of the Appalachian Mountains; 
horizontal ruling (Om), Martinsburg shale and related shales; dense diagonal ruling (SD), 
Silurian and Devonian sedimentary rocks in Green Pond Mountain syncline; white areas (€Ol), 
chiefly Paleozoic limestone and quartzite. 


town, Slatington, and Quakertown quadrangles were mapped by E. 
F. Bliss? and the junior author? in 1912-1914. The results obtained 
by these workers were turned over to F. Bascom for the preparation of 
geologic folios for the United States Geological Survey, but up to the 


1E. F. Bliss (Knopf): Glaucophane from eastern Pennsylvania, Am. Mus. Nat. Hist., Bull., 
vol. 32, art. 34 (1913) p. 518-519. 

2A. I. Jonas: Pre-Cambrian and Triassic diabase in eastern Pennsylvania, Am. Mus. Nat. Hist., 
Bull., vol. 37, art. 3 (1917). See map. 
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present time only a bulletin on the Quakertown-Doylestown area * has 
been published. The senior author made a reconnaissance survey of the 
limestones and quartzites of the Wernersville quadrangle and inspected 
the work in the valley part of the Reading quadrangle in 1916. 


ROCKS OF THE AREA ~ 


The oldest rock in the Reading-Boyertown Hills‘ is a highly meta- 
morphosed graphitic gneiss of sedimentary origin,’ with intercalated 
quartzite and marble lentils. The graphitic gneiss is correlated with the 
Pickering * gneiss of the Honeybrook uplift and the New Jersey High- 
lands, and the marble with the Franklin limestone of the same areas. 
These metamorphosed sediments have been invaded, and in places almost 
completely swallowed up, by igneous intrusions of pre-Cambrian age. 
The igneous complex includes the Byram granite gneiss,’ Losee diorite 
gneiss, Pochuck gabbro gneiss, and dikes of diabase and pegmatite. 

The Franklin limestone, near Easton, Pennsylvania, where intruded 
by pegmatite, contains thorianite in which thorium and uranium oxides 
are present in about equal amounts. Analyses of this mineral * show a 
lead-uranium and thorium mean ratio of .111. The age for the pegma- 
tite calculated on this ratio is about 800 million years. This age for the 
intrusive complex of the Pennsylvania Highlands corresponds closely to 
that determined for the allanite in pegmatite in the hypersthene grano- 
diorite ® in the Catoctin Mountain-Blue Ridge uplift of the Appalachian 
Mountains in Virginia. There the uplift contains metabasalt and rhyo- 
lite flows which are younger than the granodiorite. These later pre- 
Cambrian extrusives are absent in the Reading-Boyertown Hills, either 
because they never extended to that area or because erosion preceding 
the Cambrian has removed them. In the Reading-Boyertown Hills 
the Lower Cambrian lies directly on the older intrusives. 

The Lower Cambrian (Hardyston) quartzite lies unconformably on 
these pre-Cambrian rocks and has an estimated thickness of 300 feet, 


3F. Bascom, E. T. Wherry, G. W. Stose, and A. I. Jonas: Geology and mineral resources of 
the Quakertown-Doylestown quadrangles, Pennsylvania and New Jersey, U. S. Geol. Surv., 
Bull. 828 (1931). 

4A. I. Jonas: op. cit., p. 175-178. 

SE. T. Wherry: Pre-Cambrian sedimentary rocks in the Highlands of eastern Pennsylvania, 
Geol. Soc. Am., Bull., vol. 29 (1918) p. 385-392. 

¢B. L. Miller: Graphite deposits of Pennsylvania, Pa. Top. and Geol. Surv., Rept. no. 6 
(1912) p. 76. 

7A. I. Jonas: op. cit., p. 175-178. 

8R. C. Wells and others:Thorianite from Easton, Pennsylvania, Am. Jour. Sci., vol. 26 (1933) 
p. 48-52. 

®A.I. Jonas: Hypersthene granodiorite in Virginia, Geol. Soc. Am., Bull., vol. 46 (1935) p. 58. 
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as determined by the writers and by d’Invilliers.° Its basal beds are 
a pebbly arkosic quartzite or conglomerate, ferruginous and purple- 
red in color, and contain pebbles of feldspar and jasper. In many 
places the basal beds of the Hardyston are composed of pink feld- 
spar, quartz, and dull-green amorphous-looking mineral that has been 
called pinite, but in thin section is seen to be made up of a felty mass 
of fine green muscovite. These beds are a regolith derived almost 
directly, with little transportation or reworking, from the deeply weath- 
ered granitic rocks of the pre-Cambrian land surface on which the 
Cambrian sediments were deposited.1: A similar arkosic conglom- 
erate with pinite has been found by the writers at the base of the 
Unicoi formation in southwest Virginia, where it overlies pre-Cam- 
brian granitic rocks. The main part of the formation is thick-bedded 
vitreous blue or white quartzite which in the upper part is thinner 
bedded, finely feldspathic, and contains Scolithus linearis. The recog- 
nition and separation of these distinctly different beds of the Hardy- 
ston quartzite are essential to the working out of the structure of 
the area. The Hardyston quartzite forms a series of short discon- 
nected ridges, the longest of which is Mount Penn and Deer Path 
Hill northeast of Reading (Pl. 52). Within the mountain area the 
quartzite occurs mostly in northeast-southwest trending ridges in 
which the beds dip northward and are cut off on the northwest, or 
upper, side by normal faults, which have dropped the beds down and 
tilted them northwestward. The Tomstown dolomite, which overlies 
the quartzite, has been preserved in some of the down-faulted and 
tilted blocks, and in most places the fault is marked by characteristic 
ferruginous chert, derived from the replacement of limestone. 

The limestone of the Great Valley includes, from the base upward, 
Lower Cambrian Tomstown dolomite, Middle and Upper Cambrian 
Elbrook limestone, Upper Cambrian (Ozarkian of Ulrich) Conoco- 
cheague limestone, and the Ordovician Beekmantown and Leesport 
limestones, which are overlain by Martinsburg shale, of Trenton to 
Maysville age. The Martinsburg shale is unconformable to the under- 
lying formations in the synclines of shale west of Reading and at Lime- 
port,’ where the Leesport limestone is absent and the Martinsburg 
shale overlaps the Beekmantown onto the Conococheague and Elbrook 


WE. V. d’Invilliers: The geology of the South Mountain belt of Berks County, Pa. Second Geol. 
Surv., D3, vol. 2, pt. 1 (1883) p. 102. 

1G. W. Stose [and others]: Geology and mineral resources of the Quakertown-Doylestown 
quadrangles, Pennsylvania and New Jersey, U. 8. Geol. Surv., Bull. 828 (1981) p. 18-19. 

12G. W. Stose and A. I. Jonas: Ordovician shale and iated lava in theastern Pennsyl- 
vania, Geol. Soc. Am., Bull., vol. 38 (1927) p. 516-519. 
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limestones (Pl. 53). The limestone valley is 4 miles wide north of 
Reading and narrows near Wernersville to only one mile. Here the 
South Mountain uplift is only a mile south of the Martinsburg shale 
hills. A narrow irregular belt of limestone also lies south of the 
mountains, between it and the low hills of Triassic rocks to the south. 
These Triassic rocks are bounded on their northwestern edge by 
normal faults which have dropped the floor of older rocks, on which 
the Triassic rocks rest, far below the present surface. 


PREVIOUS STRUCTURAL INTERPRETATIONS 


Early workers in the area include Rogers,'* d’Invilliers,‘* and Prime," 
who interpreted the structure of the mountains as anticlines, with 
synclinal valleys of limestone. Eaton,’* in his report on the geology 
of South Mountain (south of Wernersville), regarded that uplift as 
an anticline with quartzite on the north flank overturned to the north- 
west, hence superimposed on the limestone during folding. 

E. T. Wherry *’ interpreted the structure of the Reading Hills as 
anticlinal hills in which the beds are folded and in part overturned, 
and these anticlines rise out of the valley limestones. He believed 
that the rocks were locally overthrust in places and broken by two 
systems of normal Triassic faults. The few valleys within the moun- 
tain in which limestone or quartzite was observed were regarded by 
him as closely compressed synclines, down-faulted in part. The rela- 
tion of the rocks of these hills to the limestones and Triassic rocks to 
the south and southeast was considered to be due to normal faulting. 
Miller’s ** brief statement concerning the structure of the Allentown 
region agreed with the views expressed by Wherry. The senior author, 
during a reconnaissance of the limestones of the area in 1916, recog- 
nized the presence of marked overthrust faults but at that time did 
not appreciate their extent and importance. 


RECENT WORK 


The structural interpretation of the earlier writers is the most 
obvious conclusion regarding the structure of the Reading-Boyertown 


13H. D. Rogers: The geology of Pennsylvania, vol. 1, Philadelphia (1858) p. 93. 

14E. V. d’Invilliers: op. cit., p. 100-101, 437. 

%F. Prime: Geology of Lehigh and Northampton counties, Pa. Second Geol. Surv., D3, 
vol. 1 (1883) p. 70-71. 

16H. N. Eaton: The geology of South Mountain at the junction of Berks, Lebanon, and Lan- 
caster ties, i , Jour. Geol., vol. 20, no. 41 Casa) p. 340-343. 

uk. T. Thing: Notes on ‘the geology near Reading, P ylvania (abstract), Wash. Acad. Sci., 
Jour., vol. 6 (1916) p. 23. 

%B. L. Miller: Allentown quadrangle, Pa. Top. and Geol. Surv., Atlas, no. 206 (1925) p. 28. 
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Hills, because the Cambrian Hardyston quartzite on the border of 
the mountains in many places apparently dips under the younger 
limestones of the valley. This is the true relation in Irish Mountain, 
where Hardyston quartzite dips north on the north slope and west 
off the plunging end of the anticline, passing normally under Toms- 
town dolomite. In Deer Path Hill and Mount Penn, however, the 
quartzite dips west but does not pass under the valley limestones which 
are structurally and stratigraphically discordant to it. The following 
quotation from Lesley ’® shows that he recognized the complexity of 
the structure of the Pennsylvania Highlands: 


It seems a very easy matter to obtain the knowledge which we want in so 
open, well-formed, almost level valley, bounded on one side by a mountain 
faced by a well-known rock underlying the limestone (Potsdam S. S. No. I) 
and on the other by hill slopes of unmistakable overlying slates (Hudson River, 
No. III). But what seems a facility turns out to be the principal difficulty. 
What seems so smooth and regular a surface conceals one of the most contorted, 
twisted, fractured, cleft, plicated, complicated, and even overturned set of subsoil 
rocks in the world. 


This complexity of structure masked by apparent “facility” im- 
pressed the authors during their early work in the area and actuated 
them to undertake this structural study, begun in 1927 and continued 
in parts of the following years up to the fall of 1934, in an effort to 
solve the larger structure problems of the region. This work has been 
made possible by Dr. George H. Ashley, State Geologist of Pennsyl- 
vania, who has in large part financed the field work. The area studied 
includes parts of the Wernersville, Reading, Boyertown, Slatington, 
and Quakertown quadrangles north of the Triassic rocks, and during 
this work the mapping of the Paleozoic rocks has been revised and 
extended. 

The structural solution here presented was not arrived at until 1934, 
and revision of the mapping and checking of the theory in all the 
area is, therefore, not completed. The broad conclusion regarding the 
structure, reached by the writers and here presented, is that most of 
the mountain area is a great overthrust sheet composed of pre- 
Cambrian rocks and Hardyston quartzite, dissected and cut through 
by the deeper drainage, exposing the overridden Paleozoic limestones. 
Such an interpretation explains many structural relations not other- 
wise understandable; such as pre-Cambrian rocks of the mountains 
at many places in contact with limestones and shales of the valley; 


2 J. P. Lesley: Notes on the comparative geology of northeastern Ohio, northwestern Pennsyl- 
vania, and western New York, Pa. Second Geol. Surv., Rept. D (1875) p. 59. 
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the structural discordance of the rocks in the mountains and in the 
valleys; many small outlying hills of older rocks completely sur- 
rounded by limestones; the steep-sided flat-bottomed valleys within 
the mountains, floored with limestone in some places but without 
bordering quartzite; quartzite outcrops and ferruginous chert blocks 
in the bottoms of these valleys; and the presence of mylonites on the 
border of and within the mountains. The pattern of the topography 
also obviously is that of a dissected and fractionated thrust block, as 
pointed out by W. H. Bucher and others. 


ANTICLINES AT THE MOUNTAIN BORDER 


Along the north border of the mountains are ridges of quartzite and 
pre-Cambrian rocks which are not part of the overthrust but are anti- 
clines that have risen out of the limestone in front of the advancing 
overthrust block. The Irish Mountain mass, which forms the front 
line of hills north of Reading from Temple northeast to Dryville 
(Pl. 53), is an anticlinal uplift of pre-Cambrian rocks and Hardyston 
quartzite in which the quartzite dips normally northwest and west 
under Cambrian (Tomstown) limestone, which is overlain, in turn, 
by the younger limestones of the valley and the Martinsburg shale. 
Southwest and south of Topton several low anticlinal hills of Scolithus- 
bearing Hardyston quartzite similarly rise out of the limestone in 
front of the overthrust mass (Fig. 2). Lock Ridge, a high hill south- 
west of Macungie, and another large hill southwest of Longswamp, 
both composed of pre-Cambrian rocks and overlying Hardyston 
quartzite, are also anticlines of this type (Pl. 53). They are broken 
on their south limb by normal faults which drop down the limestone 
in the valley south of them below the level of the granite on the north. 


THE OVERTHRUST SHEET 


Most of the mountain area from its end southwest of Wernersville 
to South Mountain south of Emaus, a distance of over 50 miles, and 
probably its extension across Pennsylvania to Easton, is believed by 
the writers to be a part of a great overthrust sheet which has ridden 
northwestward on a flat fault plane in the crystalline core of the 
mountains over lower Paleozoic rocks. The overthrust fault is here 
named the Reading overthrust because the thrust relations are clearly 
exhibited at Reading and in the near-by Neversink Mountain and 
Bernhart Hill klippen (Fig. 5). The overridden limestones, shale, 
and quartzite are now exposed as windows, by erosion of the thrust 
sheet, in Oley Valley and in many other mountain valleys, and 
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they also form the Great Valley north of the overthrust mass. In 
other words, the older rocks of most of the mountain area do not pass 
under the younger valley rocks in a normal folded sequence but overlie 
them in a tectonic series in which the position of the members is due 
to overthrusting. 

The overthrust mass in the Reading-Boyertown area is composed 
of two anticlines, with cores of pre-Cambrian rocks, which were formed 
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Dryville 
Ficure 2.—Detailed geological map of the mountain front east of Dryville 


Showing anticlinal folds in front of the overthrust mass. (€c) Conococheague limestone; 
(€e) Elbrook limestone; (€t) Tomstown dolomite; (Ch) Hardyston quartzite; (p€) pre-Cambrian 
rocks. The overthrust mass overrides anticlines of Hardyston quartzite; ferruginous chert, 
derived from replaced limestone, strews the mountain front below the overthrust; offset of the 
overthrust by normal fault south of Mertztown. 


before overthrusting. The northwestern anticline extends from Read- 
ing northeastward through Topton Mountain and Gap Hill into South 
Mountain south of Emaus (Pl. 52). Its pre-Cambrian rocks are 
flanked on their northern and western sides by Cambrian quartzites that 
dip away from the axis of the fold. Quartzites on the southeastern 
limb are cut off by normal faults along the west side of Oley Valley. 
A minor anticline lies east of the north end of Oley Valley, between 
the valleys of Pine and Manatawny creeks, and the quartzites are pre- 
served likewise only on its northwest limb. The southeastern anticline 
lies east of Oley Valley between Manatawny Cove and Boyertown 
and extends northeast through Zionsville to east of Hosensack, where 
Triassic faults cut it off. Its anticlinal character is well shown at 
the southwest end, east of Oley Valley, where the quartzites dip west 
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and south off the plunging axis (Pl. 52). On the east limb of the 
anticline north of Boyertown, quartzite is preserved in only a few 
small areas, and there dips east. Neversink Mountain south of Read- 
ing, composed of granite and quartzite, and the narrow hills of granite 
and quartzite to the west of it, culminating in South Mountain south- 
west of Wernersville, are detached remnants of the thrust sheet cut 
off on the south side by the Triassic boundary fault. The overthrust 
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Ficure 3.—Detailed geological map of the area south of Sinking Spring 


(Om) Martinsburg shale; (Ob) Beekmantown limestone; (€e) Elbrook limestone; (€h) 
Hardyston quartzite; (p€) pre-Cambrian rocks. The overthrust mass west of Shillington over- 
rides Elbrook limestone and a syncline of Martinsburg shale; also shows the unconformity of the 
Martinsburg on the Conococheague and Elbrook. 


block evidently was much fragmented during overthrusting for it is 
broken by numerous normal faults, most of which reach its borders 
but do not affect the valley rocks. Such normal faulting would natu- 
rally follow extensive thrusting and bring about adjustments in the 
thrust plate. Longwell *° describes many normal faults which have 
displaced the Muddy Mountain thrust block in Nevada. However, 
some of the normal faults do affect the bordering limestone and are 
of later age, probably Triassic. The straightness of the mountain 
front on the west and north sides of Oley Valley (PI. 52), on the west 


2C. R. Longwell: Geology of the Muddy Mountains, Nevada, U. S. Geol. Surv., Bull. 798 
(1928) p. 103, 112-126, 
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side of the embayment at Pennside (Fig. 4), and on the northwest 
side of Manatawny Cove is interpreted as the result of normal faulting 
with the uplift on the southeast side, which has raised the overridden 
limestone to the surface and also re-exposed the overthrust plane. 


O Yo = 3 MILES 


Ficure 4.—Detailed geological map of the vicinity of Reading 


(€e) Elbrook limestone; (€t) Tomstown dolomite; (€h) Hardyston quartzite; (p€) pre- 
Cambrian rocks. Shows the abrupt termination of the quartzite ridges where cut off by the 
overthrust, details of the Neversink klippe, and four smaller klippen. 


Similar normal faulting may be found to exist on the north side of other 

windows and along the south border of the overthrust sheet in places 

where the overthrust is brought to the surface either by upfolding or 

by normal faulting. Sufficient field work has not been done since 

the overthrust theory was evolved to settle all these points. 
Evidences of overthrusting are given below. 
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STRATIGRAPHIC AND STRUCTURAL DISCORDANCE 


The most evident proof of the overthrust character of the mountains 
is the stratigraphic and structural discordance of the rocks at the 
borders of the mountains with the adjacent rocks of the valley. The 
distribution of the Cambrian quartzite and pre-Cambrian rocks of the 
overthrust sheet is shown in Plate 52, and the distribution of the 
Paleozoic limestones, shale, and quartzite and the underlying granite 
in the autochthonous block is shown in Plate 53. The discordant 
relations of the formations and structures of the two blocks are clearly 
discernible in these two figures. Pre-Cambrian rocks are present at 
the mountain front adjacent to limestones of the valley at many places. 
North and south of Frush Valley pre-Cambrian rocks are in contact 
with Tomstown, Elbrook, and Conococheague limestones. East of 
Reading, to the hills north of Jacksonwald, granite of the mountain 
block abuts successively against Elbrook, Conococheague, and Beek- 
mantown limestones. From Dryville eastward granite, with a few 
small areas of quartzite, forms the mountain front for a distance of 
over 15 miles to the mountain northeast of Vera Cruz, the east end 
of the area studied. 

Granite is overthrust and rests on Martinsburg shale of the Hyde 
Park syncline at Frush Valley (Fig. 5). In the hills southwest of 
Shillington and at the southwestern end of South Mountain, granite 
and quartzite override other synclines of Martinsburg shale (Fig. 3). 
Stose recognized the overthrust character of this contact in 1916, 
and this was pointed out” in discussing the Martinsburg shale of 
southeastern Pennsylvania. Although Lower Cambrian (Hardyston) 
quartzite forms the west slope of Mount Penn and Deer Path Hill 
and dips toward the limestones of the valley in apparent conformable 
relation, the adjacent limestone is Elbrook and Conococheague and 
not Tomstown dolomite, which normally overlies the Hardyston 
quartzite. The quartzite in the hills east of Oley Valley also dips 
west toward the limestone valley, but there also the limestone is 
Elbrook and Conococheague and not Tomstown. 

Mount Penn, Gulden Hill, and the hill to the east, north of Jackson- 
wald, are strike ridges of quartzite within the mountains, and they 
terminate abruptly against limestones of the valley. At the south 
end of Mount Penn the basal conglomerate of the Hardyston and 
the underlying granite swing west to the mountain front, where they 
strike into the adjoining valley limestones (Fig. 4). Bernhart Hill 


21G. W. Stose and A. I. Jonas: op. cit., p. 516. 
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east and southeast of Frush Valley is largely composed of pre-Cambrian 
rocks and quartzite which trend into and are surrounded by limestones. 
East of Temple, the north border of the thrust block lies south of 
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Ficure 5.—Detailed geological map of Bernhart Hill and vicinity 


(Om) Martinsburg shale; (€c) Conococheague limestone; (€e) Elbrook limestone; (€t) 
Tomstown dolomite; (€h) Hardyston quartzite; (p€) pre-Cambrian rocks. Shows detail of 
Bernhart Hill klippe, granite overthrust on Martinsburg shale northeast of Frush Valley, and 
abrupt termination of quartzite ridge against the overthrust north of Frush Valley; also uncon- 
formable relation of the Martinsburg shale. 


the Irish Mountain anticline, which apparently rose in front of the 
advancing overthrust and blocked its forward movement. The straight 
fault north of the thrust block at this place, however, is a normal 
fault of later age. From Oley Furnace northeastward to the northern 
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front of the mountain at Dryville the overthrust has been traced in 
the pre-Cambrian granite by a zone of mylonite which strikes N. 40° E. 
The granite and quartzite again override the valley rocks from Dry- 
ville eastward as far as Longswamp, where normal faulting has dropped 
down the thrust block so that it crops out south of the limestone 
valley south of Lock Ridge. Like Irish Mountain, this ridge is an 
anticline in front of the overthrust, and the quartzite on its flank 
dips north under the valley limestone. The front of the thrust block 
continues eastward with an irregular boundary along the mountain 
front south of Macungie and Emaus. Throughout this distance granite 
and some basal Cambrian override Cambrian limestones and, in a 
few places, the upper beds of the Hardyston quartzite. 


MYLONITE ON THRUST PLANE 


On the borders of the thrust block the pre-Cambrian rocks and 
Cambrian quartzites, in many places, have been ground out into mylo- 
nites produced by intense differential movement on the sole of the 
overthrust sheet. Near Frush Valley the pink and green-banded 
granite where it overlies the Martinsburg shale is a layered augen 
gneiss which resembles the mylonite gneiss of the Lewisian at the 
outcrop of the Glencoul overthrust?? in the northwestern Scottish 
Highlands. Similar granite mylonite crops out at many places on the 
border of the thrust, particularly on Dengler Hill east of Reading, near 
Oley Furnace, north of Topton Mountain, and on the front of South 
Mountain southwest of Wernersville. The granite in the two isolated 
hills at the Triassic border, one southwest of Esterly (Fig. 4) and the 
other at Earlville (P1. 52), is sheared into a finely laminated mylonite. 


DETACHED MASSES OF THE OVERTHRUST SHEET 


Many detached areas of the main overthrust sheet (klippen) occur 
on the borders of the mountains. The largest is Neversink Mountain, 
which rises abruptly 500 feet above the limestone valley south of 
Reading. It is a tightly compressed anticline of pre-Cambrian rocks 
striking northwest-southeast, bordered by quartzite on both sides, and 
the pre-Cambrian core of the anticline is cut off at both ends by the 
overthrust (Fig. 4). The quartzite on its border is much crushed, 
especially on the southeast side, where bedding has been obliterated. 
Neversink Mountain is surrounded by Elbrook limestone, over which 
the rocks that compose the mountain are thrust. Three small iso- 


22B. N. Peach and J. Horne: Guide to the geological model of the Assynt Mountains, Geol. 
Surv. Great Britain, Mem. (1914) p. 17-25. 
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lated knobs of crushed quartzite east of Neversink Mountain, south 
of Esterly, are similar small detached fragments of the overthrust 
mass, and south of these knobs is a small hill of granite mylonite 
which is also a klippe resting on Elbrook limestone, cut off on the 
south by the Triassic boundary fault. The southwest end of the 
Neversink block is similarly cut off by the Triassic boundary fault 
south of Flying Hill. From the quartzite hill south of Shillington 
to Fritztown, south of Wernersville, the remnants of the thrust block 
consist of hills of quartzite, with granite exposed in the larger, western 
hill. In this western hill these rocks are thrust over a syncline of 
Martinsburg shale, which emerges at both the east and the west ends 
(Fig. 3). South Mountain, southwest of Wernersville, is 9 miles 
long and 4 miles wide at its widest point, and is a large overthrust 
block of pre-Cambrian rocks, with Lower Cambrian quartzite on its 
flanks in places. It has ridden north across the limestones of the 
valley to within one mile of the main belt of Martinsburg shale. At 
its southwest end the South Mountain overthrust block overrides 
Martinsburg shale ** exposed in the vicinity of Kleinfeltersville, just 
north of the Triassic rocks. The south side of the thrust mass of South 
Mountain and of the hills east of it are cut off by the Triassic boundary 
faults. 

Other small detached masses of the overthrust sheet occur on the 
east side of Oley Valley. These are two very small quartzite hills 
which are eroded parts, respectively, of Shenkel and Rabbit Hills, 
and a small hill of mylonitized granite south of Earlville, already 
mentioned, which is cut off on the south by the Triassic border fault. 
Farther east, two hills of overthrust quartzite and granite occur in 
the limestone of the narrow Hosensack Valley, which lies between 
Triassic rocks on the south and the mountain area on the north. Small 
klippen of granite and quartzite also occur on the north border of the 
overthrust mass, southwest of Macungie. These klippen are close to 
the front of the overthrust sheet, but the isolated hill near Minesite, 
which is also an erosion remnant of the overthrust mass, is 3 miles 
north of the mountain front and marks the minimum northward 
extent of the overthrust movement. This hill is formed of Pochuck 
grabbro gneiss, Pickering gneiss, and basal Cambrian quartzite in 
which the pebbles are stretched and muscovite is developed on the 
cleavage planes. It is surrounded by Elbrook limestone, which is prob- 
ably overridden by it. Bernhart Hill, southeast of Frush Valley, 


22G. W. Stose and A. I. Jonas: op. cit., p. 508 and 516. 
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DETACHED MASSES OF THE OVERTHRUST SHEET Tit 


114 miles long and 1%4 mile wide, is composed of pre-Cambrian rocks 
with two synclinal areas of quartzite. It is entirely surrounded by 
limestone except for a narrow and faulted connection with the main 
overthrust mass at its north end (Fig. 5). It is a most striking 
example of an erosion fragment of the overthrust mass and can not 
be reasonably explained in any other way. The mass is broken into 
three blocks by normal cross faults. The central block is composed 
of Byram granite gneiss and graphitic Pickering gneiss, and the other 
two of Byram granite gneiss with synclines of quartzite, probably 
overlain by Tomstown dolomite, dipping toward the central block. 
The mass is surrounded by limestone, Conococheague and Elbrook, and 
is only a quarter of a mile east of the narrow Hyde Park syncline of 
Martinsburg shale. 


VALLEY WINDOWS OF THE OVERTHRUST SHEET 


Many deep, narrow, steep-sided valleys, which for the most part 
trend northeastward, break up the mountain mass. They are inter- 
preted as due to gentle anticlinal uplifts of the overthrust sheet that have 
been eroded through, exposing the overridden limestone and quartzite. 

East of Oley Valley, from Boyertown northwest to Lyon Station, 
where the mountain thrust block is widest, it is divided by two wide 
valleys, Manatawny and Pine Creek valleys. The valley of Mana- 
tawny Creek trends northeast in Manatawny Cove, and this depres- 
sion is continuous, over the low divide at the head of the cove, with 
the wider Dale Valley. Pine Creek valley parallels Manatawny valley, 
and this depression is also continuous, across a low divide, with the 
valley that passes through Seisholtzville and Zionsville. East of the 
head of Pine Creek this valley is irregular in direction and shape but 
in general trends northeast. South of Emaus the mountain area is 
narrower and is made up of a series of narrow ridges, not more than 
114 miles wide, separated by valleys. South Mountain, the northwest- 
ernmost ridge of this area, is especially narrow north of Vera Cruz, 
where it is nearly detached from the main overthrust mass to the 
southwest by erosion of the stream in a cross valley. 

Limestone crops out in some of these valleys, notably in Dale Valley, 
where, on the basis of lithology, it has been determined to be Elbrook 
limestone and Tomstown dolomite. The upper Scolithus-bearing beds 
of the Hardyston quartzite crop out in anticlines in places on the floor 
of these intermontane valleys, and there the adjacent lowland is inter- 
preted as underlain by Tomstown dolomite. Several anticlines of the 
quartzite occur in the valley south and east of Seisholtzville. Near 
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Sigmund, Scolithus-bearing quartzite is exposed dipping north under 
dolomite of Tomstown type (Fig. 6). In most of these valleys, lime- 
stone is not exposed, but large blocks of ferruginous chert is regarded 
as evidence that limestone is present beneath the valley fill. 

These chains of northeast-trending valleys in the mountains are not 
occupied by master streams but are drained by the small headwaters 


Ficure 6.—Detailed geological map of the Seisholtzville-Sigmund-Zionsville valley window 


Ruled pattern, Tomstown dolomite (exposed only at one place); (€h) Hardyston quartzite 
(only the top Scolithus-bearing beds exposed in small anticlines); (p€&) pre-Cambrian rocks. 
Shows dolomite and quartzite where exposed in valley bottom, iron pits at overthrust contact, 
and ferruginous chert masses, representing replaced limestone, on the valley floor. 


of several large streams. Such deep valleys with steep sides and flat 
swampy bottoms cannot, therefore, be explained by normal stream 
erosion but are structurally controlled and determined. 


EVIDENCE OF WINDOWS 


These deep longitudinal valleys are here interpreted as windows in 
the overthrust sheet, which has been cut through by erosion to the 
underlying limestones. The evidence for this view follows. 


CHERT 


The floors of many of the valleys are filled with large blocks of 
ferruginous jaspery chert. This chert is not replaced quartzite, as has 
been considered by some geologists,** but is derived from the replace- 
ment of limestone by silica along the thrust fault. The chert occurs 
in rough geodiferous and brecciated masses up to 3 feet in diameter, 
and much of it is dense jasper in shades of red, yellow, and brown. 
Abundant chert of this kind is found throughout the floor of the Pine 


%*B. L. Miller: Mineral resources of the Allentown quadrangle, Pa. Top. and Geol. Burv., 
Atlas, no. 206 (1924) p. 26, 34, 36, and 43. 
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Creek-Seisholtzville-Zionsville valley and in the valley to the north, 
in which limestone is actually exposed at only one or two places. In 
some of the smaller intermontane valleys, such as Antietam Cove 
(Pl. 53), Manatawny Cove, and the valley south of Topton Mountain, 
chert is less easily found because it is covered by wash of granite from 
the steep valley slopes. Similar cherts are abundant on the mountain 
border wherever the overthrust is in contact with limestone, and is 
especially abundant where quartzite on the sole of the thrust is in 
contact with limestone (Fig. 2). The chert and jasper was produced 
by silicification of the limestone along the thrust fault and is evidence 
of the presence of limestone in valleys within the mountains where 
limestone does not crop out. These cherts were used by the Indians 
for making arrowheads, and rejects of their work are abundant in 
many places, especially near the old Indian quarry in jasper, one mile 
southeast of Lyon Station. 


MYLONITE BORDER OF WINDOWS 


The pre-Cambrian rocks and basal beds of the Hardyston quartzite 
in many of the observed outcrops on the borders of the valley windows 
are a mylonite or augen gneiss, much veined with quartz. West of 
Eshbach there is a wide belt of mylonitized granite, which surrounds 
a small window containing Tomstown dolomite and the upper beds of 
Hardyston quartzite exposed in the old Fronheiser quarry. Here, as 
is common elsewhere along the overthrust, a blue alkalic amphibole 
(crocidolite) *5 coats the fracture planes of the granite mylonite. An 
ultra cataclastic rock resembling a banded quartzite is exposed along 
the edge of the thrust north of Seisholtzville. On the south face of 
Gap Hill, at the border of a valley window, pink and green granite has 
been ground out into a green schist with few residual fine pink feld- 
spars remaining. Similar augen gneiss has been developed from coarse 
pink granite in the hill north of Frush Valley, where it has overridden 
and now overlies Martinsburg shale. Such rocks are produced by 
intense differential movement during overthrusting and are character- 
istic of the sole of overthrust faults. 


ROOTS OF THE OVERTHRUST 


At many places south of the Reading-Boyertown Hills the Triassic 
boundary fault has cut off the overthrust sheet, and the thrust plane 
has been dropped down with the Triassic sediments. The roots of the 

% E. V. d’Invilliers: op. cit., p. 93-94. 

E. F. Bliss (Knopf): op. cit., p. 519-526. 


E. T. Wherry and E. V. Shannon: Crocidolite from eastern Pennsylvania, Wash. Acad. Sci., 
Jour., vol. 12, no. 10 (1922) p. 242-244. 
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Figure 7.—Geological sections across the Reading Hills and Oley Valley 
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overthrust sheet, therefore, are buried beneath the Triassic sediments. 
In the Pennsylvania and New Jersey Highlands the Hardyston (Lower 
Cambrian) quartzite has no argillaceous beds like the Harpers phyllite, 
which is present in the Lower Cambrian quartzites of the Honeybrook 
upland,?* 12 miles south of the Reading-Boyertown Hills and south 
of the Triassic basin. Hence the overthrust mass is not closely related 
to the rocks of the Honeybrook upland. The nearest exposure of 
quartzite of the Hardyston type to the Reading-Boyertown Hills occurs 
in an area of Paleozoic rocks that are exposed in an uplifted fault 
block entirely within the Triassic rocks east of Doylestown,’ 30 miles 
northeast of the Honeybrook upland and 25 miles southeast of Hosen- 
sack. There the Lower Cambrian is of the Hardyston type, similar 
to that in the Highlands. South of South Mountain (southwest of 
Wernersville) the thrust block is similarly cut off on the south side by 
the Triassic fault, and the thrust plane, which underlies the Triassic 
rocks, has been dropped down with them. The Triassic rocks which 
cover the thrust block here are only about 5 miles wide, and south 
of them the southern part of the Reading overthrust block emerges 
in the New Holland-Mount Joy valley.*® This valley contains the 
southern part of the Ephrata syncline, across which the Triassic rocks 
transgress. The youngest rock in the syncline is Cocalico shale, in part 
equivalent to Martinsburg shale. It overlies the older limestones, 
including Beekmantown, Conococheague, and Elbrook limestones. The 
Reading overthrust block cf this valley is covered both on the east 
and on the west sides by Triassic rocks and is overridden on the south- 
west side by the Chickies ** overthrust. 


STRUCTURE SECTIONS 


Structure sections drawn across the Reading and Boyertown Hills 
are presented in Figures 7 and 8, and clearly show the thinness of the 
overthrust plate, largely composed of pre-Cambrian rocks, which is cut 
through by numerous valley windows, exposing overridden Cambrian 


2° A. I. Jonas and G. W. Stose: Geology and mineral resources of the New Holland quadrangle, 
Pa. Top. and Geol. Surv., Atlas, no. 178 (1926) p. 9-10. 
E. B. Knopf and A. I. Jonas: Geology of the McCalls Ferry-Quarryville district, Pennsyl- 
vania, U. 8S. Geol. Surv., Bull. 799 (1929) p. 41. 
27G. W. Stose and A. I. Jonas: Ordovician shale and associated lava in theastern Pennsyl- 
vania, Geol. Soc. Am., Bull., vol. 38 (1927) p. 521. 
G. W. Stose: Geology and mineral resources of the Quakertown-Doylestown district, Pennsyl- 
vania and New Jersey, U. 8. Geol. Surv., Bull. 828 (1931) p. 17-19. 
% A. I. Jonas and G. W. Stose: New Holland quadrangle, Pa. Top. and Geol. Surv., Atlas, 
no. 178 (1926) p. 19 (also see geologic map); Lancaster quadrangle, Atlas, no. 168 (1930) p. 60-61. 
2G. W. Stose and A. I. Jonas: Geology and mineral resources of the Middletown quadrangle, 
Pennsylvania, U. S. Geol. Surv., Bull. 840 (1933) p. 54, pl. 2 and fig. 12. 
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limestones and quartzite. In section A, Figure 7, the autochthonous 
Irish Mountain anticline rises in front of the overthrust, blocking its 
forward movement. In this section, also, the thrust block overrides 
a syncline containing Martinsburg shale, which is exposed in Oley 
Valley and appears in section B, Figure 7. In section B, Figure 8, 
the eastward extension of this syncline is exposed in Perkiomen Creek 
valley and Dale Cove. In section A, Figure 8, anticlines of Hardyston 
quartzite crop out in valley windows, and the associated limestone 
of these windows is interpreted as Tomstown dolomite. In the south- 
eastern part of the sections the down-faulted Triassic covers the roots 
of the overthrust block. In section C, Figure 8, from Dryville to Boyer- 
town, exposing the Pine Valley and Manatawny Cove windows, the 
theoretical restoration of the Cambrian quartzite and the Paleozoic 
limestones up to the Martinsburg shale is drawn above the profile to 
bring out the three anticlines of the overthrust mass. In Figure 9 
outline sections illustrate a possible derivation of the folds and the 
overthrust structure: (A) the rising of incipient anticlines in the Paleo- 
zoic rocks due to directed pressure from the southeast; (B) the further 
rising of the anticlines before the overthrusting; (C) overthrusting on 
a nearly horizontal movement plane, resulting in relations now found 
at the surface. The present conditions, after erosion, are shown in 
section C, Figure 8. 

The former northwestward extent of the overthrust block north of 
the Reading-Boyertown Hills is not known beyond the outlying area 
at Minesite, which is 3 miles in front of the main overthrust sheet. 
Its extent northeastward has not been traced beyond Emaus. In 
New Jersey, Jenny Jump Mountain * (Fig. 1), the northernmost ridge 
of the Highlands in New Jersey, has been thrust northwestward nearly 
to the Martinsburg shale, similar to the position of South Mountain 
near Womelsdorf (Pl. 53). It is believed by the writers that Jenny 
Jump Mountain, and also the rest of the Highlands of New Jersey 
northwest of the Green Pond Mountain syncline,*t which encloses 
Silurian and Devonian rocks, are part of this same overthrust block. 
The Highland rocks in the belt northwest of the Green Pond Moun- 
tain syncline extend only a short distance into New York State,*? 
where they are surrounded by limestone and Hudson River shale of 
Merrill, probably equivalent to Martinsburg shale. The relation of 


© W. S. Bayley, R. D. Salisbury, and H. B. Kiimmel: Description of the Raritan quadrangle, 
New Jersey, U. 8. Geol. Surv., Atlas, Raritan folio, no. 191 (1914) p. 20. 

Op. cit., p. 19-20. 

®@F. J. H. Merrill: Geologic map of New York, N. Y. State Mus., Lower Hudson sheet (1901). 
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the older rocks to the valley rocks suggests that here is the northeastern 
end of the Reading overthrust cut off by erosion (Fig. 1). 

The Highlands of New York,** which cross the Hudson River south 
of Newburgh and lie southeast of the Green Pond Mountain syncline, 
trend southwestward and are cut off at their southwest end by the 


Ficure 9.—Diagr tic sections illustrating a theoretical origin of the overthrust structure 


(A) Incipient anticlines in the Paleozoic sedimentary rocks rising in front of an advancing 
mass from the southeast. (B) Further development of the anticlines under continued pressure 
from the southeast. (C) Position of anticlines after fault break and overthrusting on a flat plane. 
a has moved forward to a’. Position of a not known, as it is covered by Triassic rocks, but 
minimum movement on fault is given. The section after erosion is the same as Figure 8, section C. 
(Om) base of Martinsburg shale; (€e) Elbrook limestone; (€t) Tomstown dolomite; (€h) 
Hardyston quartzite; (p€) pre-Cambrian rocks. 


Triassic border fault. Their southwestward continuation lies under the 
Triassic sediments of New Jersey and Pennsylvania, and their trend 
lies southeast of the part of the overthrust sheet here described (Fig. 1). 


AGE OF THE MOVEMENT 


The youngest rock involved in the overthrusting is Martinsburg 
shale, thus fixing the age of the movement as at least post-Mays- 
ville. It is not regarded as Taconian orogeny (Schuchert **), how- 
ever, because at the foot of the Blue Mountains a few miles northwest 
of this area the Martinsburg shale was only gently folded and slightly 
eroded before the deposition of the Silurian sediments.** This minor 
unconformity along the Blue Mountains extends southwestward only 
to Susquehanna River and is believed to represent the southwestward 
dying-out of Taconian orogeny (Schuchert) in this belt. South- 


%3C, P. Berkey and Marion Rice: Geology of the West Point quadrangle, New York, N. Y. St. 
Mus., Bull. nos. 225-226 (1919) p. 7-72. 

% C. Schuchert and C. R. Longwell: Paleozoic deformations of the Hudson Valley region, New 
York, Am. Jour. Sci., vol. 23 (1932) p. 305. 

% G. W. Stose: Unconformity at the base of the Silurian in southeastern Pennsylvania, Geol. 
Soc. Am., Bull., vol. 41 (1930) p. 656-657. 
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west of the Susquehanna there is no unconformity nor absence of beds 
at the top of the Martinsburg shale. 

However, in Bowling Green and Green Pond Mountain, 40 miles 
northeast of this area, Silurian rocks ** are said to rest on pre-Cam- 
brian rocks. This indicates that pre-Silurian erosion was extensive 
in the Highlands, unless that syncline be a part.of the overridden floor 
exposed in a window, in which case it lay in a belt northwest of the 
Highland rocks before overthrusting took place. Similar structure 
occurs in the valley of southwest Virginia, where windows in the 
Pulaski overthrust contain Silurian, Devonian, and coal-bearing Car- 
boniferous rocks,?7 which rise as mountains above the older Paleozoic 
rocks that overrode them. 

The writers are inclined to the view that the folding and the over- 
thrusting which produced the Reading-Boyertown overthrust sheet 
took place during Appalachian orogeny. 


%H, B. Kiimmel and A. C. Spencer: Description of Franklin Furnace quadrangle, New Jersey, 
U. 8S. Geol. Surv., Geol. Atlas, folio no. 161 (1908) p. 12. 
7G. W. Stose and H. D. Miser: Manganese deposits of western Virginia, Va. Geol. Surv., 
Bull. 23 (1922) p. 40 and geol. map. 
M. R. Campbell and others: The Valley coal fields of Virginia, Va. Geol. Surv., Bull. 25 (1925) 
p. 76, 81-88. 
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PART I—STRATIGRAPHY 
SUMMARY 
The Tully formation is a thin wedge of sediments lying disconform- 


ably on the Hamilton formation. At its type locality, Tully, Onon- 
daga County, New York, the Tully is 30 feet thick, composed chiefly 


a 
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of limestone thinning westward to disappearance on the east side of 
Canandaigua Lake. Eastward it thins to eighteen feet in the vicinity 
of Smyrna, Chenango County, and then thickens to 150 feet in Otego 
Valley. The exact thickness is unknown east of Otego Valley, because 
of the disappearance of certain fossils used as horizon markers. 

At the type section the formation is divisible into three members. 
The middle member is characterized by Hypothyridina and is trace- 
able to the western limit of the formation and eastward to Unadilla 
Valley. The uppermost member is continuous from Seneca Lake 
(west side) to Otego Valley. 

In eastern New York between Unadilla and Schoharie valleys the 
Tully is composed mainly of argillaceous sandstone. In Butternut 
Valley three members are recognized, the middle one having Hypothy- 
ridina and the upper member being the same as the upper member 
at the type section. In Schoharie Valley it is not possible to distin- 
guish any of the members. Eastward from Otego Valley, Tully fos- 
sils are mingled with species usually indicative of Ithaca age, species 
which occur about 500 feet above Hypothyridina at Cayuga Lake. In 
Schoharie Valley, rocks of Tully age contain Ithaca species almost 
to the exclusion of all others. 


INTRODUCTION 


The Tully formation has long been prominent in literature as the 
initial deposit of the Upper Devonian in New York State, said te 
carry elements of a fauna world-wide in its distribution. Because 
of this prominent position the formation has been much discussed, but 
actually there has been little detailed study of these rocks. The senior 
author became interested in the Tully limestone in 1925, while mapping 
the Morrisville Quadrangle, Madison County, central New York. In- 
tensive study of excellent sections of the Tully during the mapping 
led to the belief that much was still to be learned about this thin for- 
mation. This belief strengthened in later years when the identifica- 
tion of Tully strata on the east side of Chenango Valley in 1928 gave 
promise of new discoveries to the east, where the Tully was then un- 
known. This promise was abundantly fulfilled in 1932 and 1933. 
The junior author joined in the Tully work in 1930, studying the 
limestone sections of western New York in detail. In 1933 the two 
authors united in a survey of the formation across the State in order 
to perfect correlations and see new sections in eastern New York. 
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This paper is, thus, not merely the recitation of an old and simple 
story, but it brings together facts concerning a body of rocks, extend- 
ing from Chenango Valley to Schoharie Valley, that had hitherto been 
nearly completely overlooked. 

In attacking this problem the writers first made a careful study of 
the formation in the vicinity of Tully village, the type section. From 
this point the various strata discriminated in the type section were 
followed to the east and west. Planes of reference were determined 
within the Tully and in the top of the underlying Hamilton; three 
proved most reliable: the Vitulina bed of the Vitulina-Spirifer tullius 
zone in the uppermost Hamilton; the Hypothyridina zone in the middle 
of the Tully; and a profusely fossiliferous (fimbriata) zone in the 
upper Tully. 

The Vitulina-Spirifer tullius zone as marked by Vitulina is remark- 
able for its persistence and constancy. So far as known it appears on 
the west at Bellona on Seneca Lake, where the Vitulina occurs in 
great abundance in black shale 8 feet below the base of the Tully. 
This black shale (Vitulina-Spirifer tullius zone) can be traced to the 
west side of Canandaigua Lake, where few fossils are to be found. 

Traced east of Bellona the Vitulina bed in the Vitulina-Spirifer tul- 
lius zone lies at different levels below the base of the Tully but is 
usually very near the top of the Hamilton. At Cayuga Lake there is 
black shale of this zone at the top of the Hamilton, but the writers 
found no Vitulina in it, although it may be expected there. At Port- 
land Point no evidence of this zone was found at the base of the 
Tully, and Cleland? does not report it in his Cayuga Lake section. 
The Vitulinas are, therefore, absent or unreported between the east 
side of Seneca Lake and Otisco Lake, and the Vitulina-Spirifer tullius 
zone as a whole is reduced in thickness. East of Otisco Lake, Vitulina 
can be found with ease at or near the top of the Hamilton. At Tinkers 
Falls the Vitulinas are 214 feet below the base of the Tully. At 
Georgetown they are 12 feet below the base of the Tully. Along 
Pleasant Brook the layer with Vitulina is at the very top of the Hamil- 
ton, but on the east side of Chenango Valley in Nigger Hollow it is 
30 feet below the base of the Tully. In Unadilla Valley the Vitulinas 
are 22 feet below the top of the Hamilton, but in the ravine 114 miles 
east of Pittsfield they occur at the top of the Hamilton. From this 


1H. F. Cleland: A study of the fauna of the Hamilton formation of the Cayuga Lake section 
in central New York, U. 8. Geol. Surv., Bull 206 (1903) p. 31, 32. 
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point eastward the Vitulina bed in the Vitulina-Spirifer tullius zone 
descends 30 to 53 feet below the base of the Tully. 

Because of its persistence from Otisco Lake to Summit, western 
Schoharie County, the Vitulina bed has proved of greatest value. 
From Susquehanna Valley to Summit there are no Hypothyridinas 
at the base of the Tully, making the Vitulina bed the sole datum for 
reference in this difficult region. The Vitwlina bed can be relied upon 
because it occurs everywhere at a definite point in the Hamilton, asso- 
ciated with a definite assemblage of fossils, and with definite faunal 
zones below it. The writers have not observed a greater vertical range 
than 5 feet for the Vitulina in the part of the zone in which it occurs. 
This means that there is practically no error involved in using any 
portion of the Vitulina bed as a datum plane. From Unadilla Valley 
eastward known evidence indicates that the Vitulina bed is rather 
thin, probably a foot or less in thickness. In Schoharie Valley no 
trace of this bed was discovered, the level at which it was to be ex- 
pected being occupied by green sandstones and shales containing a 
few peculiar fossils. 

The Hypothyridina zone is a useful plane of reference from Canan- 
daigua Lake to Chenango Valley. The fossiliferous (fimbriata) zone 
in the upper Tully is useful as a datum plane from Tully village east- 
ward to Otego Valley, being continuous across Unadilla Valley, where 
the Hypothyridina is absent for a short distance. The fimbriata zone 
is characterized by its abundance of fossils and the great variety of its 
contained species. 

In explaining the stratigraphy of the Tully group of rocks it has 
seemed best to use a geographical treatment, as every meridional val- 
ley from the type section in the vicinity of Tully to Schoharie Valley 
is quite unlike sections in adjacent valleys. The writers have under- 
taken, also, a brief discussion of the Geneseo shale and the Sherburne 
sandstone of eastern New York, because these formations are inti- 
mately linked with Tully stratigraphy, the bottom of the Tully in 
eastern New York having long been mistaken for the base of the Sher- 
burne. It is necessary, too, to discuss briefly the erroneously desig- 
nated “Ithaca” of eastern New York since the whole sequence of 
Tully, Geneseo, and Sherburne east of Chenango Valley passes later- 
ally into rocks carrying Ithaca fossils. This eastern “Ithaca” has 
been found, therefore, to be mostly pre-Ithaca in age. 
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GENERAL STRATIGRAPHIC RELATIONSHIPS OF THE TULLY 
GENERAL STATEMENT 
The outcrop belt of the Tully limestone succeeds that of the Hamilton 
group from Canandaigua Lake eastward. Between that locality and 
Chenango Valley the formation is composed predominantly of lime- 
stone, but east of Chenango Valley, shale and sandstone predominate. 


| PHELPS- PENN YAN 7 MORRISVILLE-NORWIC! 


2 GENEVA-OVID 8 NEW BERLIN 
3 AUBURN- GENOA 9 HARTWICK 

4 SKANEATELES-MORAVIA 10 COOPERSTOWN 
STULLY-CORTLAND 11 RICHMONDVILLE-HOBART 

6 CAZENOVIA-PITCHER 12 SCHOHARIE - GILBOA 


Ficure 1.—Map of central and eastern New York 
Showing the distribution of Tully rocks. 


In the Schoharie Valley region and eastward the Tully is made up of 
coarse green sandstones and red beds. In this paper the so-called 
“Tully pyrite,” extending from Canandaigua Lake to Erie County, is 
excluded from the Tully and classified with the upper beds of the 
Hamilton. Good exposures of the Tully occur in all the meridional 
valleys throughout the range of the formation. 


STRUCTURE 

For the most part the Tully has a general southwest dip, varying 

from about 40 to 70 feet per mile between Onondaga and Chenango 

valleys. East of the latter the dip increases to one degree or a little 

more (90-100 feet per mile) in Susquehanna and Schoharie valleys. 

In the Finger Lakes region the Tully is noticeably folded and at one 
locality is faulted.? 


2B. H. Wright: Notes on the geology of Yates County, N. Y., N. Y. St. Mus., 35th Ann. Rept. 
(1884) p. 201. 


‘ 


GENERAL STRATIGRAPHIC RELATIONSHIPS OF THE TULLY 787 


THICKNESS 

The thickness of the Tully increases from a probable feather edge 

at Canandaigua Lake to more than 150 feet in eastern New York where 
its greatest thickness is developed in the coarser clastic rocks. 


DISCONFORMITY AT THE BASE OF THE TULLY 
It has been shown elsewhere * that the Tully limestone rests discon- 
formably on the top of the Hamilton. From Otisco Lake westward 
the disconformity is clearly shown by the successive westward dis- 
appearance of the upper faunal zones of the Hamilton (Windom). 
In the vicinity of Chenango and Unadilla valleys the disconformity 
is equally clear, being marked by an oolite at the base of the Tully 
in Chenango Valley and by a layer of small calcareous lenses at the 
same position in Unadilla Valley. East of the latter place discon- 
formable relationships can be detected in conspicuous thinning of the 
Vitulina-Spirifer tullius zone a little east of Pittsfield and sudden ap- 
pearance and disappearance of the lower 60 feet of Tully in Butternut 
Valley and vicinity, which forms the New Lisbon member. East of 
this valley, disconformity was not clearly detected. 


TOP OF THE TULLY 
The relationship of the top of the Tully and the next succeed- 
ing formation, the Geneseo shale, are not altogether clear. The 
situation is very much like that at the top of the Onondaga lime- 
stone, where one can construct as strong a case for disconformity as 
for transition from limestone to shale. The prevailing opinion is that 
of Grabau, who postulates a replacing overlap, the Geneseo shale 
replacing part of the Tully limestone west of the type section and 
overlapping the limestone east of that place. It is, however, possible 
to take the opposite view and hold that the so-called transitional 
beds between the Tully and the Geneseo exposed at Moravia and 
Portland Point are basal limestone beds in the Geneseo, which thin 
out and are overlapped by the shale east of the type section. These 
basal limestones of the Geneseo are totally unlike the Tully in lith- 
ology and fauna. This fact and the total obliteration of the Tully 
fauna at the base of the Geneseo are suggestive of disconformable 
relationships between the two formations. 


PREVIOUS WORK 


The Tully has always been regarded as one of the best known forma- 
tions in the American Devonian, doubtless because its position in 


3G. A. Cooper: Stratigraphy of the Hamilton group of New York, Am. Jour. Sci., 5th ser., 
vol. 19 (1930) p. 122. 
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the stratigraphic sequence is clear and not complicated. The forma- 
tion had been most visited between Canandaigua Lake and the vil- 
lage of Smyrna on the west side of Chenango Valley. East of Smyrna 
little was hitherto known of rocks of this age. 

The Tully limestone was named by Vanuxem in 1838. Little work 
was done on this formation after the early surveys until the studies 
of S. G. Williams * were published in 1887. This paper summarized 
the existing knowledge of the formation. 

As the result of long labors on the Tully limestone, H. S. Williams ® 
published a paper on the correlation of the Tully. After Williams 
came Prosser, who studied the formation as an incident in his work 
on the geological map of New York. It was Prosser who discovered 
Hypothyridina at the base of the “Sherburne sandstone” in Butternut 
and Otego valleys, but he failed to determine the precise position of 
the specimens discovered. In 1930, Cooper * announced the discovery 
of an interesting section of the Tully on the east side of Chenango 
Valley and followed this announcement with a brief description of the 
Tully rocks in Otego, and Susquehanna valleys.’ In 1932, Trainer ® 
published an interesting and valuable study of the petrography and 
other physical characteristics of the limestone. 

The Tully limestone was first placed in close association with the 
Hamilton Group, but later, Williams demonstrated to the satisfaction 
of his contemporaries that the limestone was placed best at the base 
of the upper Devonian. 


THE TYPE SECTION 

GENERAL STATEMENT 
Well-developed and excellently exposed sections of the Tully forma- 
tion occur at June’s Quarry and the adjacent ravine one mile north- 
east of Tully village, Onondaga County. Another very good section 
is at Tinkers Falls in the northern part of Truxton Township. These 
two sections were taken as typical of the Tully formation and their 

component members traced east and west. 


48. G. Williams: The Tully limestone, its distribution and its known fossils, N. Y. St. Geol., 
6th Ann. Rept., 1886 (1887) p. 13-29. 

SH. 8. Williams: The cuboides zone and its fauna; a discussion of methods of correlation, 
Geol. Soc, Am., Bull., vol. 1 (1890) p. 481-500. 

©G. A. Cooper: op. cit., p. 121-122. 

™G. A. Cooper: Stratigraphy of the Hamilton group of eastern New York, Am. Jour. Sci., 
5th ser., vol. 27 (1934) p. 5-7. 

8D. W. Trainer, Jr.: The Tully limestone of central New York, N. Y. St. Mus., Bull. 291 


(1932) 43 pages. 
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THE TYPE SECTION 


GROOK 


GENES 


Pyrit 


Spaz 


A Canandaigua Lake6. Skaneateles Lake 
1. Gage Creek 7. Tully Gunes Ravine) 


2.Bellona 8. Deruyter MILES 
4. Cayuga Lake Chenango Vel} Limestone Shall Sandstone 
Ficure 2.—Subdivisions of the Tully limestone between Canandaigua Lake and Unadilla Valley 
(Ap) Apulia member, (cz) coral zone, (fz) fimbriata zone of the West Brook ber, (G) G shale formation, (lz) Lopholasma zone of the 


West Brook member, (Sp.-Az) Spirifer-Atrypa zone of the upper Hamilton, (TF) Tinkers Falls member, (vb) Vitulina bed of the Vitulina-Spirifer 
tullius zone, (vss) Vitulina-Spirifer tullius zone of the upper Hamilton, (WB) West Brook member. 
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TINKERS FALLS MEMBER 


The type section of this member is in the face of Tinkers Falls 
just under the main, overhanging ledge. Here it is represented 
by 6% feet of alternating thin layers of dark calcareous shale 
and shaly limestone, abounding in Chonetes aurora. This species 
occurs in swarms on the surface of the rock, and scarcely any 
other species are present. At June’s Quarry and ravine not far 
west of Tinkers Falls this member is only 14% feet thick, but east of 
the type section it thickens to about 14 feet at the north end of Deruy- 
ter Reservoir, Cazenovia Quadrangle. 


APULIA MEMBER 


The type section of the Apulia® member is in the ravine ad- 
jacent to June’s Quarry, 14% miles southwest of Apulia Sta- 
tion, Tully Township. It is a hard, heavy bedded, arenaceous lime- 
stone containing Hypothyridina in great numbers and at several levels. 
Members of this genus are most abundant in the lower beds. Other 
fossils characteristic of this zone in the vicinity of the type section are 
Schizophoria tulliensis, Chonetes aurora, and Leptostrophia tulliensis. 
These three species become rare west of the type section. 


WEST BROOK MEMBER 


Following the Apulia member are ten feet of dark gray, shaly lime- 
stone. In the lower half of this member occur many species of fos- 
sils, chiefly Hamilton species, the most abundant of which is Elytha 
fimbriata. The upper half is characterized by the coral Lopholasma. 
Although this upper member of the Tully is well developed at June’s 
ravine, it is more fossiliferous farther east in Chenango Valley. The 
locality selected as the type section, therefore, is on West Brook, 
three miles south of Sherburne. 

SECTIONS 
Section in June’s Quarry and adjacent ravine, one mile east of Tully 
West Brook member Ft. In 


H. Dark shaly limestone abounding in the small coral Lopholasma 
and fragments of the trilobite Phacops rana.................. 6 

G. Nodular, dark gray limestone containing a large variety of 
fossils: Cystiphyllum, Favosites, Lopholasma, Chonetes lepi- 
dus, Stropheodonta concava, Douvillina inaequistriata, Cama- 
rotoechia sappho, Elytha fimbriata, “Spirifer’ anchiasper, S. 


®The name Apulia was proposed by Conrad in 1841 for a portion of the Hamilton group, but 
the name was early discarded and has been nearly forgotten. Because of the scarcity of local 
names in Tully Township the term Apulia is revived, with a new meaning as defined herein. 
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pauliformis, Athyris cora, Atrypa spinosa, Cranaena romingeri, 
Lozonema, Euryzone itys, Proetus rowi, Phacops rana........ 
Dark gray limestone, few fossils... 


Apulia member 
E. Heavy-bedded, fine-grained sandy limestone having an abun- 
D. Crumbly, shaly limestone and heavy-bedded limestone with 
C. Massive shaly limestone abounding in Schizophoria tulliensis 
and Atrypa, “Spirifer’ mucronatus tulliensis, Leptostrophia 


B. Massive and shaly limestone containing Chonetes aurora, Hy- 

pothyridina, Emmanuella subumbona, Schuchertella arctostri- 

Tinkers Falls member 


A. Shaly limestone with Leptostrophia tulliensis and Chonetes 


Hamilton 
Hamilton shale from base of Tully to Vitulina bed............... 


Ft. In. 
3 
1 6 
63 
3 66 
8 
2 6 
1 6 
29 «3 
2 


Section at Tinkers Falls, about three and one-half miles south of Apulia 


West Brook 


H. Dark, shaly, brittle limestone, containing Lopholasma in abun- 
G. Hard, brittle, shaly limestone and nodular limestone abounding 
in a variety of fossils in the upper 2% ft. Favosites, Rhipido- 
mella vanuxemi, Tropidoleptus carinatus, Leptostrophia junia, 
L. perplana, Douvillina inaequistriata, Camarotoechia sappho, 
Elytha fimbriata, “Spirifer” pauliformis, Athyris spiriferoides, 
Atrypa spinosa, Atrypa lentiformis, Cranaena romingeri, 
Pterinopecten sp., Plethomytilus sp., Actinoptera decussata, 
Conocardium, Bucanopsis leda, Euryzone itys, Platyceras 
echinatum, Platyceras sp., Phacops rana, Scutellum tullium, 


Asteropyge bootht, Proetus rows 
Apulia member 

F. Hard, blue-gray sandy limestone containing Hypothyridina and 


E. Hard sandy limestone with many Emmanuella subumbona... 
C. Hard, sandy, blue gray, heavy bedded limestone with Hypo- 

thyridina Leptostrophia tulliensis, and Chonetes aurora....... 


Ft. In. 
6 
5 66 
2 6 
1 
2 
7 6 
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Tinkers Falls member Ft. In. 
B. Thin layers of dark calcareous shale and shaly limestone alter- 
nating. Chonetes aurora abundant...................-..0000e 5 6 
31 
Hamilton 


This general arrangement of the Tully is characteristic of sections 
in Onondaga Valley and vicinity, but eastward and westward, signifi- 
cant and interesting changes take place. 


TULLY WEST OF THE TYPE SECTION 
GENERAL STATEMENT 


Tracing the Tully west of the type section is not difficult because 
the limestone contrasts strongly with the shales above and below. 
Except for one locality a little south of Borodino on Skaneateles Lake 
there is a progressive westward diminution in the thickness of the 
formation from about thirty feet at the type section, to about 16 feet 
on Cayuga Lake, seven feet on the west side of Seneca Lake, and two 
feet and six inches on Gage Creek, Canandaigua Lake. Clarke and 
Luther “ mention the occurrence of loose blocks of Tully only 8 inches 
thick near Bennetts Landing south of Gage Creek. With this decrease 
in thickness there is an attendant loss of sandy material and an increase 
in bituminous matter. The limestones in the western range of the 
formation lose their firmness and become so rotten on exposure that 
they fall into a mass of small angular fragments when struck by the 
hammer. 

There are significant faunal changes attendant on the diminishing 
thickness in the western occurrences of the formation. West of Mor- 
avia, Hypothyridina is found throughout the formation, occurring 
sparingly in the upper beds with fossils characteristic of the West 
Brook member east of the type section. However, the formation can 
be separated into two divisions, Apulia and West Brook, on the basis 
of faunal content. In the former member, Hypothyridina is very 
abundant, and there are few other species. In the West Brook, on the 


2© The writers found no fossils in this bed which would place it with either the Tully or the 
Hamilton. Owing to its calcareous composition it is here associated with the Tully. 

uJ. M. Clarke and D. D. Luther: Stratigraphic and paleontologic map of Canandaigua and 
Naples quadrangles [N. Y.], N. Y. St. Mus., Bull 63 (1904) p. 23-25. 
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other hand, there is a great variety of fossils, and Hypothyridina is 
very rare. 
TINKERS FALLS MEMBER 
The Tinkers Falls member cannot be traced far west of the type 
section. At Tinkers Falls this division is about six and one-half feet 
thick, but at the ravine near June’s Quarry it is only one and one-half 
feet thick. At Moravia, 15 miles west of Onondaga Valley, there was 
seen but a trace of the Tinkers Falls member in small nodules at the 
base of the Tully below the lowest beds carrying Hypothyridina. West 
of Moravia no trace of this bed was detected. 


APULIA MEMBER 


If the beds west of Onondaga Valley carrying abundant Hypothyri- 
dina and a small variety of other fossils are regarded as the Apulia 
member, there is a representation of this member throughout the 
range of the formation west of the type section. At Moravia there 
are nearly twelve feet of this member, but to the west the thickness 
diminishes to about four feet at Ovid and two and one-half feet at 
Bellona. At these two localities the Hypothyridina is most common 
in the lowest foot of the formation.’? At Gage Creek the Hypothyridina 
is fairly abundant through the whole thickness, and the associated 
fossils suggest that there is no trace of the West Brook beds or their 
fauna. West of Moravia, Schizophora tulliensis and Chonetes aurora 
are rare or absent. 

WEST BROOK MEMBER 

Following the beds carrying an abundance of Hypothyridina there 
are two and one-half to three feet of limestone with few fossils, mostly 
small corals. These beds are difficult to place but probably fit best 
with the West Brook member. 

Above these sparsely fossiliferous beds fossils become abundant, 
and a good variety of species is sure to reward even a short search. 
The kinds are the same as those that are common in the West Brook 
farther to the east, but a few rare species occur which are not known 
in the east. Elytha fimbriata and Douvillina inaequistriata are 
usually common. Hypothyridina is rare and at Bellona was discovered 
only after a diligent search of several hours. At Gage Creek there 
appears to be no representative of the West Brook member. 

At June’s ravine, corals of rather large size become common in the 
West Brook. The upper beds of the Tully from here westward 


12 B. H. Wright: op. cit., p. 203. 
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usually contain solitary and colonial corals, frequently in abundance. 
Perhaps the best known locality is at Bellona, where the uppermost 
five inches of the Tully abound in a variety of corals, many of large 
size. This is evidently a coral plantation whose existence was snuffed 
out by influx of the black muds of the Geneseo. 


SECTIONS 
Section at Moravia 
Geneseo Ft. In. 
H. Black limestone and black shale in thin alternating bands. Fos- 
West Brook member 
G. Heavy bedded, dark gray, massive limestone in two layers. 
Many fossils showing relationship to West Brook member..... s © 
Apulia member 
F. Massive dark gray limestone with Hypothyridina.............. 4 6 
D. Heavy, single bed, dark gray, fine grained limestone containing 
C. Hard, gray limestone with Emmanuella and Hypothyridina..... s « 
B. Smooth, dark gray limestone with Hypothyridina.............. 1 3 
Tinkers Falls member 
A. Small blackish nodules with Chonetes aurora.................. 0 


17. 7 


Section at Chamberlain’s Quarry, one and one-half miles north-northeast of Ovid 


West Brook member Ft. In. 
D. Dark brownish gray fossiliferous limestone containing West 
Brook fossils Dictyonema sp., Stropheodonta concava, Douvillina 
inaequistriata, Pentamerella pavilionensis, Meristella, Elytha 
fimbriata, Atrypa spinosa, Platyceras, Phacops rana, Proetus 


C. Calcareous shale abounding in corals......................... 0 4 
B. Dark gray limestone with scattered corals but few other fossils 3 0 
Apulia member 
A. Dark gray, brittle, bituminous limestone abounding in Hypo- 
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Section at Bellona on Kashong Creek 


West Brook member Fe. In: 


D. Calcareous shale abounding in corals, the site of a coral planta- 
tion. Contains: Cystiphyllum americanum, C. conifollis, Cy- 
athophyllum conatum, C. robustum, Heliophyllum confluens, 
H. halli, Zaphrentis simplex, Favosites hamiltoniae, F. arbuscula, 
F. placenta, Alveolites goldfussi, Tropidoleptus carinatus....... 0 6 
C. Crumbly dark, bituminous limestone with many fossils, Schizo- 
phoria? cyclas, Stropheodonta concava, Leptostrophia perplana, 
Pholidostrophia nacrea, Douvillina inaequistriata, Chonetes 
mucronatus, Camarotoechia sp., Hypothyridina venustula, Elytha 
fimbriata, “Spirifer” pauliformis, Ambocoelia cf. A. umbonata, 
Atrypa lentiformis, A. spinosa, Meristella sp., Athyris cf. A. cora, 
Cranaena romingeri, Cryptonella planirosta, Platyceras, Eury- 
zone ttys, Diaphorostoma lineatum, Proetus rowi, Phacops rana 1 6 


B. Gray massive limestone, few fossils......................0000 2 6 
Apulia member 
A. Crumbly, dark bituminous limestone with Hypothyridina...... a 6 
7 #0 
Section on Gage Creek 
Apulia member Ft. In. 
Heavy bedded limestone with Hypothyridina................. 2 6 


“TULLY” PYRITE 
West of the westernmost known exposure of the Tully limestone 
the horizon of this formation is occupied by marcasite lenses. These 
remarkable lenses contain a dwarfed fauna of Hamilton affinities. 
It has long been believed that these lenses represent the western- 
most facies of the Tully limestone. The fact that they occupy 
the position of the Tully limestone would lead the casual ob- 
server to believe that they are the equivalents of the limestones to the 
east. More critical study by Pohl ?* and the writers forces the con- 
clusion that these lenses are not the equivalent of the Tully but are 
to be correlated with the uppermost zone of the Hamilton, the Spirifer 
tullius-Vitulina, which has a black shale facies in the vicinity of Bel- 
lona. The fauna of the “pyrite” lenses more nearly resembles that 
of this upper zone of the Hamilton than it does the Tully limestone 
on Gage Creek or at Bellona. The “pyrite” contains many species 
unknown in the Tully and has no Hypothyridina. 


1%3E. R. Pohl: Devonian formations of the Mississippi Basin, Tenn. Acad. Sci., Jour., vol. 5 
(1930) p. 61, 62. 


796 G. A. COOPER, J. 8. WILLIAMS—TULLY FORMATION OF NEW YORK 


SECTION SOUTHEAST OF BORODINO 


Of great interest in any discussion of the Tully limestone of central 
and western New York are the exposures in two adjacent quarries on 
the east and west sides of highway No. 41, one and one-half miles 
southeast of Borodino. The quarry on the west side of the road af- 
fords a cross-section of the exposed structures, and the eastern quarry 
gives a more or less longitudinal section. Examination of the quarry 
on the west side of the road shows at the base nine and one-half feet 
of heavy bedded limestone in four layers ranging in thickness from 
one and one-half to three feet. These nearly horizontal beds contain 
Schizophoria tulliensis and Hypothyridina in considerable abundance 
and are clearly part of the Apulia member. In viewing the south half 
of the main (east) wall of the quarry one sees superimposed on these 
horizontal beds a huge elliptical mass of gray limestone, 22 feet thick 
at its thickest part. Overlapping the northern end of this elliptical 
mass, but separated from it by a layer of crinoidal limestone, is a 
similarly shaped body in the north half of the quarry. This second 
lenticular mass is 12 feet thick at its thickest part and forms the top 
of the quarry. The coarse crinoidal limestone separating the two 
lenticular bodies dips strongly to the north and unites with a layer of 
crinoidal limestone ten feet thick, overlying the horizontal (Apulia) 
lower beds in the north wall of the quarry. In the northeast corner 
of the quarry a thin bed of crinoidal limestone lies on the north flank 
of the upper lenticular mass. In the lower or southern lens, fossils 
are abundant. Here occur Hypothyridina, Scutellum, Elytha, and 
many others. In the upper, or northern, lenticular body the same 
fossils occur but not in as great abundance as in the lower mass. A 
variety of fossils, particularly corals of several kinds, was seen in the 
crinoidal limestone. 

In the quarry on the east side of the road the arrangement is much 
the same, but the lenses are seen in longitudinal section. At the north 
end of the quarry the upper lens is exposed and is separated from the 
lower one by crinoidal limestone. The masses appearing as lenses 
in cross-section in the quarry on the west side of the road appear to be 
elongate bodies trending northeast to southwest. Lithologically they 
are unlike the nearly horizontal beds on which they rest. The lime- 
stone is dark gray, weathering to ashen gray, has a conchoidal frac- 
ture when fresh but breaks to small angular fragments when exposed. 
The mass is streaked by calcite and dolomite filling fissures and cavi- 


oy 
| 


SECTION SOUTHEAST OF BORODINO 197 


ties. This has led Trainer ** to conclude that there has been faulting 
and brecciation. The writers were unable to detect any evidence of 
faulting, the contacts of the lenses and subjacent beds being inter- 
preted as sedimentary contacts showing no evidence of movement. 

The writers believe that some other explanation than faulting is 
necessary to explain the brecciation of the lozenge-shaped bodies and 
non-brecciated crinoidal limestones surrounding them. It is suggested 
that the brecciation is due to a sort of “checking” or breaking up of 
the mass into small lumps similar to the weathering observed at Bel- 
lona in western New York (p. 792). In the cliffs along the sides of 
the gorge of Kashong Creek, huge Tully blocks can be shattered to 
a mass of small lumps by a single blow with a heavy hammer, so rot- 
ten and cracked are they. Such a decaying process may have taken 
place in the smooth gray limestones at Borodino, and, subsequent to 
the development of the cracks, surface waters deposited calcite and 
dolomite in them to cement the mass together. The origin of the 
huge lozenge-shaped masses is difficult to conceive, but it seems to 
the writers that it must in some way be linked to the formation of 
the crinoidal limestones which surround them. The bodies may be of 
the same nature as the huge “storm-rollers” so common in the Hamil- 
ton sandstones of eastern New York. 

In the quarry on the west side of the highway, Hypothyridina has 
the longest vertical range that it has in any section west of Butter- 
nut Valley. In the exposed rock of the quarry it ranges for 25 to 30 
feet, but this probably is not the total range here, because six or more 
feet of the Apulia member are covered at the base of the quarry. 

The distribution of the fossils in the Borodino Quarry is as interest- 
ing and important as the physical peculiarities of the strata. In the 
lower horizontal beds the fauna is that of the Apulia member. In 
the lozenge-shaped masses, on the other hand, the variety of the fos- 
sils and the species present indicate the West Brook member. But 
in addition to species common in the West Brook, Hypothyridina is 
present in abundance. This is the easternmost locality discovered by 
the writers in which Hypothyridina occurs with the West Brook fauna, 
and the only place in which it is common in this member. In the 
flat-lying crinoidal limestone at the north end of the quarry, corals 
are common. Corals were nowhere observed by the writers in beds 
below the West Brook. Scutellum tullium is not difficult to find in the 


4D. W. Trainer, Jr.: op. cit., p. 14, 15. 
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lenticular bodies. This species was also collected from the West 
Brook (fimbriata zone) in the ravine adjacent to June’s Quarry. The 
evidence thus indicates that the crinoidal limestone at Borodino and 
the interbedded lozenge-shaped bodies belong in the West Brook 
member. 


TULLY EAST OF THE TYPE SECTION TO CHENANGO VALLEY 
GENERAL STATEMENT 


The Tully formation between the type section and Chenango Valley, 
a distance of about 30 miles in a straight line, is attended by notable 
stratigraphic changes. There is an increase in clay and sand in the lime- 
stone, and there is one conspicuous band of calcareous shale (fimbriata 
zone). The Tinkers Falls member, traced eastward from its type sec- 
tion, thickens to about fourteen feet in the ravines south of Fabius and 
north of Deruyter. In these places the bed is lithologically like the 
layers at Tinkers Falls. Followed eastward from Deruyter it evidently 
thins out rapidly, because about one foot only was found below the 
basal Hypothyridina bed (Apulia) in the East Branch of Tioughnioga 
Creek three and one-half miles east of Deruyter. The member is 
unknown east of here. No less surprising than the abrupt disappear- 
ance of the Tinkers Falls member is the behavior of the Apulia mem- 
ber. In a ravine 2%, miles south of Fabius and in the ravine at 
Keeney the Apulia member, or Hypothyridina zone, is about seven 
feet thick, but in the ravines just north of Deruyter, Hypothyridina 
is restricted to a single layer of hard, sandy, blue-gray limestone only 
two feet thick. Not one specimen of Hypothyridina was discovered 
above or below this bed. It is, thus, clear that in a distance of a few 
miles the Apulia member has thinned from seven feet to two feet or 
less. East of Deruyter this member diminishes still further in thick- 
ness until the bed is about one foot to one and one-half feet thick 
in the ravines about Georgetown, Upperville, and Smyrna, not far 
west of Chenango Valley. At all these places the characteristic fossils, 
including Hypothyridina, Schizophoria, and Chonetes aurora, are 
present. The two latter, however, become rare east of Deruyter. 

All of the Tully above the Apulia member (with Hypothyridina and 
Chonetes aurora) is assigned to the West Brook member. Thus de- 
fined, the West Brook member in this region varies from ten feet 
in thickness in the vicinity of Deruyter to 18 feet in the ravines about 
Georgetown, Upperville, and Smyrna. The lower 13 feet of the West 
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Fic. 1. LAuRENsS FossiLs Fic. 2. LAuRENS FossILs 
Portion of a slab taken six feet above the Specimen from the third Hypothyridina 
base of the Laurens member, Houghta- zone of the Laurens member, 1% miles 
lings Glen, 14 miles northeast of Laurens. eastof New Lisbon. Hypothyridina venus- 
Leiorhynchus mesacostale (Lm) is abun- tula (Hv) and Actinoptera boydi (Ab) are 
dant; Hypothyridina venustula var. (Hv) shown in association. 


is in the lower right-hand corner. 


Fic. 3. Type SECTION OF THE WEST Brook 
Tully formation at West Brook, 3 miles south of Sherburne. In the left foreground is the oolite 
bed (Apo) containing Hypothyridina venustula; center foreground, caicareous, platy sandstone 
of the Apulia member which contains Chonetes aurora. Terrace in the upper left is formed by 
blue, calcareous shales of the fimbriata zone of the West Brook member (WB). 


FOSSILS OF THE LAURENS AND TYPE SECTION OF THE WEST BROOK 
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Brook member in the vicinity of Georgetown contain very few fossils 
besides small corals. Above this lower, sparsely fossiliferous portion, 
however, there is about one foot of blue calcareous shale capped by 
six inches of nodular limestone, both teeming with a variety of fossils 
many of them beautifully preserved. This shale and limestone make 
up the fimbriata zone. Extensive collecting at. many localities has 
not yet revealed a single specimen of Hypothyridina in the West Brook 
member in this region. 


SECTIONS 
Section at Keeney 

West Brook member Ft. In. 

C. Dark gray limestone weathering to a light ash color...... 10 0 
Apulia member 

B. Hard arenaceous limestone with Hypothyridina......... 7 #0 
Tinkers Falls member 

Hamilton 


Vitulina bed forms probable top of Hamilton 


Section one and one-half miles northwest of Deruyter 


West Brook member Ft: 


E. Dark gray limestone weathering to ash gray. Contains 
Lopholasma and Phacops in abundance, but scarcely any 

D. fimbriata zone. Smooth gray limestone at the base, with 
few fossils, becoming shaly in the upper half and with a 
nodular bed in the midst of the shaly layers containing 
Tropidoleptus and Leptostrophia junia. Lopholasma, 
Nucleocrinus cf. N. elegans, Tropidoleptus carinatus, 
Rhipidomella vanuxemi, Schizophoria? cyclas, Lepto- 
strophia junia, L. perplana, Douvillina inaequistriata, 
Schuchertella arctostriata, Productella  spinulicosta, 
Chonetes lepidus, C. mucronatus, Camarotoechia hors- 
fordi, Elytha fimbriata, “Spirifer” pauliformis, Cyrtina, 
Athyris spiriferoides, Atrypa spinosa, Cranaena romingeri, 
Aviculopecten lautus, Palaeoneilo constricta, Diaphoro- 
stoma lineatum, Actinopteria decussata, Loxonema hamil- 


1%8 This covered interval includes the beds down to the Vitulina bed, which is the topmost 
exposed Hamilton. This means that most of the covered interval would be occupied by the 
Tinkers Falls member. 


toniae, Platyceras, Orthonychia conicum, Bucanopsis 
leda, Euryzone itys, Spyroceras nuntium, S. crotalum, 
Phacops rana, Proetus rowi, P. macrocephalus, Aste- 


C. Light gray limestone with few fossils................... 


Apulia member 
B. A single layer of hard massive, sandy blue-gray limestone 


weathering to a punky brown sandstone. Hypothyridina, 
Chonetes aurora, Leptostrophia tulliensis, Hypothyridina 
venustula, Schuchertella arctostriata, Atrypa spinosa, 
Schizophoria tulliensis, Spirifer mucronatus tulliensis.... 


Tinkers Falls member 
A. Platy, sandy and shaly limestone with Chonetes aurora 


The base of this bed is not exposed here, but in the Arab 
Hill ravine 4% miles north it is 14 feet thick. C. filico- 
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status occurs here also 


Ft. In. 
3 64 
2 6 
2 
11 Oplus 
22 6-23 


Section in Werners Glen, one mile northeast of Georgetown 


West Brook member 
D. Blue-gray limestone with Lopholasma ................. 


C. fimbriata zone. Bluish calcareous shale with many fossils 
capped by a 6 inch layer of nodular limestone abounding 
in the same fossils. Lopholasma, Nucleocrinus cf. N. ele- 
gans, Schizophoria? cyclas, Rhipidomella vanuzemi, 
Pentamerella pavilionensis, Chonetes lepidus, C. mucro- 
natus, Productella, Douvillina inaequistriata, Schucher- 
tella arctostriata, Leptostrophia perplana, L. junia, 
Camarotoechia horsfordi, Trematospira gibbosa, “Spin- 
fer’ pauliformis, Elytha fimbriata, Cyrtina recta, Atrypa 
spinosa, Athyris cora, Cranaena romingeri, Cryptonella 
planirostra, Aviculopecten lautus, Pterinopecten hermes, 
Palaeoneilo tenuistriata, Cypricardinia indenta, Buca- 
nopsis leda, Diaphorostoma lineatum, Platyceras carina- 
tum, P. thetis P. echinatum, P. erectum, P. symmetricum, 
P. attenuatum, Hyolithes inaequistriatus, Spyroceras 
crotalum, 8. nuntium, Geisonoceras subulatum, Proetus 
rowt, P. macrocephalus, Phacops rana, Asteropyge 
boothi, Otarion spinafrons, Ostracods .................. 

. Blue-gray limestone with few fossils small corals, trilo- 
bite fragments Amplerus hamiltoniae .................. 


Ft. In. 


* 
2 6 
13 6 
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Apulia member da: 
A. Hard, sandy blue-gray limestone with Hypothyridina 
venustula, Schizophoria tulliensis (rare), Spirifer muc- 
ronatus tulliensis, Chonetes aurora ..............0-c0ee 1 62 


19 -19 ft.,6in. 


Traced eastward from Georgetown and Otselic the Tully may be 
studied at Bonney, South Lebanon, and in ravines one mile south of 
east of Upperville and less than a mile southwest of Smyrna. This 
and the Upperville occurrence were hitherto the easternmost known 
occurrences of the limestone. At Bonney, South Lebanon, and Upper- 
ville the sequence and thickness are much like that at Georgetown and 
Otselic. Prosser ?* has recorded the thickness of the Tully in the ravine 
about one mile east of Upperville as 27 feet. This appears to be exces- 
sive, because he included in the Tully a calcareous bed of the upper 
Hamilton and the intervening Hamilton shale. About 18 feet appears 
to be the correct thickness, as Prosser has measured it less than a mile 
southeast of Smyrna.’’ Prosser and Williams remark on the increas- 
ing argillaceous content of the limestone and give this facies change 
as the reason for the disappearance of the Tully in this region. 


SECTION IN CHENANGO VALLEY 
GENERAL STATEMENT 


In tracing the Tully limestone eastward most workers lost the for- 
mation on the west side of Chenango Valley in the vicinity of Smyrna. 
Prosser alone found a trace of the Tully horizon east of that valley. 
In Butternut and Otego valleys, far to the east of Chenango Valley, 
Prosser discovered Hypothyridina in blocky shales intercalated in what 
he regarded as the base of the Sherburne sandstone. Evidently no 
effort was made to discover the vertical range of Hypothyridina at 
these localities, and the horizons discovered were taken to indicate 
basal Tully. 

As the result of recent field-work it is now clear that the Tully is 
traceable across Chenango Valley and far to the east. There are three 
localities on the east side of Chenango Valley in the vicinity of Sher- 
burne, where the Tully may be examined. These localities are in a 


16C. 8, Prosser: Classification and distribution of the Hamilton and Chemung series of central 
and eastern New York, N. Y. St. Geol., 15th Ann. Rept., 1895 (1897) p. 118. 
17 Op. cit., p. 110. 
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small gully just north of Harrisville about two miles east of Sher- 
burne; in the bed of a small brook tributary to Nigger Hollow Brook, 
on the south side of Hunts Mountain, two miles east of south of Sher- 
burne; and in the bed and banks of West Brook, about three miles 
south of Sherburne. The latter is the best locality for the study of 
the Tully beds and the superjacent formations. 


APULIA MEMBER 


Hypothyridina is restricted to a bed of oolite four inches thick. 
Other fossils are exceedingly rare. The rock is a gray limestone, 
but fully fifty per cent of its substance is formed by black “oolites.”’ 
This “oolitic” rock at the base of the Tully is known as far west 
as Smyrna, where it was seen in a section less than one mile south- 
west of Smyrna. Succeeding the “oolite” are two and one-half feet of 
hard calcareous sandstone with very few fossils. Near the bottom, 
Chonetes aurora, accompanied by small tentaculites, was discovered. 
These beds are assigned to the Apulia member because of the presence 
of Chonetes aurora, which is unknown to the writers in the West Brook 
member. 

TULLY OOLITE 

The “oolite” at the base of the Tully is a very unusual rock. 
At present a brief note only can be given because it has not been 
thoroughly investigated. E. P. Henderson, of the United States Na- 
tional Museum, kindly analysed a specimen. Calcium carbonate 
makes up 45 per cent of the mass and there is 37 per cent of insoluble 
material which is mostly angular quartz grains. There is 6.5 per cent 
of ferrous iron. The latter appears to be restricted to the oolites, which 
are black, discoid bodies plainly showing concentric lamellae. The 
black color is due to carbon, which remains as a sponge when the 
“oolites” are leached by acid. No carbon was observed in the matrix. 
Analysis made upon a selected sample of oolites gave 14.5 per cent of 
ferrous oxide in the oolites. Since these bodies effervesce strongly in 
acid the ferrous iron is believed to be in the form of carbonate, esti- 
mated at 23.5 per cent. 

In thin section the “oolites” are black or yellow-brown in color and 
usually show a quartz grain or some composite material as a nucleus. 
The inner dark portion of the “oolite” is commonly angular and ragged 
and is surrounded by a light colored mineral of high index of refrac- 
tion which appears to have re-acted on or replaced the outer portion. 
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SHERBORN: 


GILBOA 


TOLLY | 
EST BROOK 


7. Tinkers Falls 14, Susquehanna Valley os 
Oeruyter 15. Schenevus 
Otselic Valley 16, Worcester 
10, Chenango Valley 17, Summit S Lt 
11, Unodille Valley 16, Schoharie Volley SCALE \ 


12. Butternut Valley 
13, Otego Valley 


Limestone Sandstone Black Sandy Shaly 
hale shale sandstone 


FEET 


MIiLes 


Ficure 3.—Subdivisions of the Tully formation between Onondaga Valley and Schoharie Valley 


The Tinkers Falls section has been selected to represent the Onondaga Valley section, because the Tinkers Falls member is thicker at this 
place and could be drawn on the scale used. (Ap) Apulia member, (aif) first appearance of abundant Ithaca species, (fz) fimbriata zone of the 
West Brook member, (G) Geneseo shale formation, (Gi) Gilboa formation, (H) Hamilton group, (hy) Hypothyridina venustula, (hysm) Hypo- 
thyridina associated with Spirifer mesastrialis, (La) Laurens member, (lepz) Leptaena zone of the Otselic member of the Ithaca formation, (lm) first 
appearance of Leiorhynchus tale, (1z) Lophol zone of the West Brook member, (NL) New Lisbon member, (Ots) Otselic member of 
the Ithaca formation, (rhip) zone of Rhipidothyris plicata, (sep) zone of Septothyris septata, (Sh) Sherburne formation, (sm) first appearance of 
Spirifer mesastrialis, (TF) Tinkers Falls member, (U) Unadilla formation, (vb) Vitulina bed of the Vitulina-Spirifer tulliues zone, (WB) West 
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WEST BROOK MEMBER 


Succeeding the “oolite” and sandstones assigned to the Apulia mem- 
ber are three feet of blue calcareous shales, teeming with fossils. 
This is followed by four inches of limestone with fossils. This bed 
is followed by 18 feet of sandy dark shale with thin calcareous bands. 
Lopholasma is the only fossil to be found easily, and the individuals 
are widely scattered. 

The lower blue shale (bed D of section below) is the same as the 
bed C of the section at Werner gully, northeast of Georgetown. This 
layer is the fimbriata zone and is the most fossiliferous band of the 
West Brook, having supplied most of the fossils from which the accom- 
panying lists have been made. The four inches of gray limestone over- 
lying the blue shale are the same as the six-inch nodular layer forming 
the top of C at Georgetown. This bed at both places contains many 
cephalopods and gastropods, particularly species belonging to the 
genus Platyceras. 

At Georgetown the upper two and one-half feet of the Tully are 
shaly limestone containing an abundance of the coral Lopholasma. 
The equivalents of these upper coral beds at West Brook are eighteen 
feet thick. East of West Brook these upper eighteen feet of Lopho- 
lasma beds are lost, the only trace of them having been observed in a 
gully, one and one-half miles southwest of Columbus, where Lopho- 
lasma was detected at the base of the exposed section. This evidently 
is a bed some distance above the highly fossiliferous fimbriata zone of 
the West Brook. Abundant Ithaca fossils were discovered here 150 
feet above the Lopholasma. East of this place these Lopholasma beds 
cannot be separated from the shales and sandstones of the superjacent 
formations, with the result that 20 feet or more of Tully are unac- 
counted for in sections east of Chenango Valley. 


SECTIONS 
Section on West Brook and tributary, three miles south of Sherburne 


Ithaca formation Ft. In. 
K. Shaly sandstone with poorly defined bedding and irregular frac- 
ture, containing abundance of Ithaca fossils and the earliest ap- 
pearance of “Sp.” mesastrialis, Rhipidomella vanuxemi, “Spirifer” 
mesacostalis, Letorhynchus mesacostale, Tropidoleptus carinatus, 


Oteelic member 


J. Thin-bedded shaly sandstone and sandy shale containing Ithaca 
fossils, Leiorhynchus mesacostale, Cyrtina n. sp., “Spirifer” 
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Ft. In. 
mesacostalis, “Spirifer’ sp. (pustulose), Leptostrophia perplana, 
Tropidoleptus carinatus, Chonetes lepidus, Nucula corbuliformis, 
Actinoptera boydi, Paracyclas lirata, Asteropyge boothi....... 87 

Sherburne formation 
I. Thin-bedded shaly sandstone, dark sandy shale and cross-bedded 
sandstone with few fossils, all Ithaca types, Leiorhynchus mesa- 
costale, Taxocrinus of. ithacensis 180 
Geneseo formation 
H. Dark, thin-bedded sandy shale and black shale............. 40 
Tully formation 
West Brook member 
G. Calcareous shale, Phacops rare .............cccecececeeeeeee 3 
F. Dark shaly limestone forming a low falls (the second above 
the Hamilton) in the bed of the stream. Contains scattered 
E. Dark gray, sandy and calcareous shale containing scattered 
D. fimbriata zone (D*) Light gray limestone containing Platyceras, 
(D') Bluish gray, calcareous shale abounding in a variety of 


This bed contains the bulk of the West Brook fauna, Astraeos- 
pongia, Pleurodictyum, Lopholasma tullium, Aulopora, Cera- 
topora, Spirorbis laxus, Dolatocrinus liratus, Gennaeocrinus ken- 
tuckiensis, G. percarinatus, Arthracantha cooperi, A. similis, 
Cyttarocrinus aff. C. jewetti, C. cf. C. eriensis, Halysiocrinus cf. 
H. secundus, Aorocrinus cf. A. formosus, Aorocrinus n. sp., Syn- 
bathocrinus expansus, Megistocrinus ontario, M. depressus, 
Parisocrinus? pocilliformis, Pentremitidea, sp. Nucleocrinus cf. 
N. elegans, Fenestella, Hederella n. sp., Reptaria n. sp., Sticto- 
pora granifera, Polypora, Cystodictya incissurata, Lingula cf. 
L. spatulata, Philhedra crenistriata, Petrocrania hamiltoniae, 
Rhipidomella vanuxemi, Schizophoria? cyclas, Schuchertella 
arctostriata, Douvillina inaequistriata, Leptostrophia perplana, 
Chonetes lepidus, C. mucronatus, Productella cf. P. spinulicosta, 
Elytha fimbriata, “Spirifer” pauliformis, Cyrtina hamiltonensis, 
C. recta, Atrypa spinosa, Pentamerella pavilionensis, Camaro- 
toechia horsfordi, Charionella ovata, Cranaena romingeri, Cryp- 
tonella planirostra, Ambocoelia umbonata, Trematospira 
gibbosa, Nucleospira concinna, Athyris cora, Meristella sp., Avi- 
culopecten fasciculatus, A. idas, A. lautus, A. bellus, Pterino- 
pecten hermes, Actinoptera boydi, Plethomytilus, Elymella 
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Ft. In. 
nuculoides, Modiomorpha subalata, Glossites subtenuis, Gonio- 
phoro cf. G. hamiltonensis, Koenenia emarginata, Palaeoneilo 
constricta, P. cf. P. plana, P. tenuistriata, Grammysia cf. G. 
arcuata, Cypricardinia indenta, Cypricardella _bellistriata, 
Conocardium sp., Parallelodon hamiltoniae, Cimitaria corrugata, 
Diaphorostoma lineatum, Platyceras erectum, P. carjnatum, 
Bucanopsis leda, Bembezia sulcomarginata, Euryzone lucina, 
E. itys, Lophospira triliz, Loxonema cf. L. bellona, Callonema 
sp., Hyolithes inaequistriatus, H. cf. H. aclis, Tentaculites 
bellulus, Styliolina fissurella, Spyroceras crotalum, S. nuntium, 
“Orthoceras” bebryx, Protokionoceras marcellense, Geisonoceras 
subulatum, Gomphoceras, Turrilepas devonicans, Echinocaris cf. 
E. punctata, Phacops rana, Proetus rowi, P. macrocephalus, 
Asteropyge boothi, Otarion spinafrons, Phaetonides ornata, 
Protolepidodendron. 


Apulia member Ft. In. 


C. Hard arenaceous limestone without fossils other than wormtubes 1 3 
B. Thin bedded, platy, calcareous sandstone. Fossils rare, Chonetes 


aurora, Nowakia gracilistriatus, Entomis 
A. Caleareous oolite containing Hypothyridina venustula Diapho- 


UNADILLA VALLEY SECTION 
GENERAL STATEMENT 


Exposures of the Tully rocks are few in the gullies between Chenango 
and Unadilla valleys, but in the vicinity of Perrytown, about three 
miles north-northeast of New Berlin, nearly continuous sections were 
discovered. A single locality, one mile west of Perrytown, yielded 
evidence of the Apulia member. In this section the upper 45 feet of 
the Hamilton are covered. The covered interval is succeeded by dark 
sandy shales, in the base of which were discovered thin limestone lenses 
containing specimens of Hypothyridina and Atrypa spinosa. This 
remnant of the Apulia member was the only occurrence of Hypothyri- 
dina found in Unadilla Valley. It is not unlikely that similar lenses 
are present in other localities in this valley, occurring at some distance 
above the top of the Hamilton, but they were not detected. 


WEST BROOK MEMBER 

Sixty feet above Hypothyridina at the locality one mile west of 
Perrytown occur a few feet of sandy shales and calcareous sandstones 
abounding in fossils of the fimbriata zone. This fossiliferous band 


aes 


UNADILLA VALLEY SECTION 807 


is an excellent datum plane, as it occurs in several gullies in the 
vicinity of New Berlin and was found in a ravine one and one-half 
miles southwest of Columbus, where it is 40 feet above the top of 
the exposed Hamilton. The fauna is quite uniform at the various 
localities studied. The Lopholasma zone of the upper Tully was lost 
in Unadilla Valley. 

At New Berlin, in the bed and banks of West Brook, which flows 
through the vitae, the rock a few feet above the Hamilton is well 
exposed. Here the blue gray, irregularly fracturing, shaly sandstones 
of the Hamilton have given way to thin-bedded, dark, sandy shales 
and sandstones, in which a few specimens of Leiorhynchus mesacostale 
were discovered. On the east side of the valley, about one and one-half 
miles east of the village of Pittsfield, is a gully showing a good section 
of the Tully. At this place the Vitulina bed forms the top of the 
Hamilton, and the next two feet are covered. But above this covered 
interval are thin-bedded dark sandstones abounding in Leiorhynchus 
mesacostale and “Spirifer” mucronatus. Fifty feet above the top of 
the Hamilton were found specimens of Echinocoelia similar to those 
occurring with the Hypothyridina in Butternut Valley, next section to 
the east. This is probably the horizon of Hypothyridina, which is now 
some distance above the Hamilton because of an intervening thick 
body of shale and sandstone. These Leiorhynchus beds are placed in 
the New Lisbon member described below. 


SECTIONS 
Section one and one-half miles west-southwest of Columbus 


Otselic member Ft. In. 


C. Sandy shale and thin-bedded, shaly sandstone, with Ithaca fossils 


Sherburne formation 
B. Dark sandy shale and thin-bedded sandstone with few fossils... 106 


Tully formation 
A. Dark gray shale with a thin sandy layer at the base containing 
8 


Section in a ravine one mile west of Perrytown 


Sherburne formation 
H. Thin-bedded, dark shale and thin-bedded sandstone............ 88 


5 
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Tully formation Ft. In. 


West Brook member 


G. Sandy shale and nodular calcareous sandstone................ 4 
Fossils numerous, Lopholasma, Spirorbis angulatus, Rhipidomella 
vanuzemi, Chonetes mucronatus, C. lepidus, Productella cf. P. 
spinulicosta, Douvillina inaequistriata, Leptostrophia perplana, 
Camarotoechia horsfordi, Elytha fimbriata, “Spirifer’ pauli- 
formis, Cyrtina hamiltonensis, Ambocoelia umbonata, Atrypa 
spinosa, Aviculopecten lautus, Pterinopecten hermes, Palaeo- 
neilo tenuistriata, Actinoptera cf. A. decussata, Spyroceras nun- 
tium Phacops rana, Proetus rowt. 


F. Thin-bedded, dark, shaly sandstone and sandy shale........... 40 
E. Heavy-bedded, coarse sandstone, some of it calcareous........ 22 


Apulia member 


B. Soft shale containing calcareous lenses with Hypothyridina and 


Hamilton 


Section in Greens Gulf, one and one-half miles east-southeast of New Berlin 


Sherburne formation 


Mostly covered 


Tully formation 


West Brook member Ft. In. 
B. Sandy, dark shale, calcareous sandstone and heavy-bedded, 
irregularly fracturing sandstone, all with many fossils ........ 8 


Taonurus, Aulopora, Favosites sp., Tetracorals, Schizophoria? 
cyclas, Chonetes lepidus, Douvillina inaequistriata, Camarotoe- 
chia horsfordi, Cyrtina hamiltonensis, “Spirifer’ pauliformis, 
Atrypa spinosa, Cranaena?, Pterinopecten hermes, Nuculana 
diversa, Palaeoneilo constricta, P. tenuistriata, Cypricardinia 
indenta, Platyceras sp., Euryzone itys, Styliolina fissurella, 
Nowakia gracilistriatus, Phacops rana, Asteropyge boothi, 
Amphissites subquadrata. 


A. Thin-bedded shale and thin sandstone with few fossils.......... 87 
Hamilton 


Shaly sandstone with fossils 
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BUTTERNUT VALLEY SECTION 809 


BUTTERNUT VALLEY SECTION 
GENERAL STATEMENT 


Exposures in Butternut Valley are not abundant, but one excellent, 
continuous section was discovered along the first tributary from the 
south into Stony Creek, one mile northeast of New Lisbon. The Vitu- 
lina bed of the upper Hamilton is exposed in the bed and banks of 
Stony Creek, 135 yards upstream from the junction point of the tribu- 
tary and the main stream. The Tully portion of the exposures is 
displayed along the tributary and the road running parallel to it. 

Above the Vitulina bed there are 22 feet of bluish fine-grained shaly 
sandstones containing Hamilton fossils. Above this there is a covered 
interval for five feet, followed by about sixty feet of fossiliferous rocks 
abounding in Leiorhynchus mesacostale. The lower layers swarm 
with this species to the exclusion of all others. These rocks are best 
exposed in the quarry by the side of the road, where the stream passes 
under it. At the top of the quarry is a layer, a few inches thick, almost 
completely composed of Leiorhynchus and a few other species. In this 
bed, Hypothyridina and Schizophoria were found, but they are very 
scarce. The appearance of these shells is taken to indicate the initi- 
ation of the Hypothyridina beds. The writers propose the name, New 
Lisbon member, for the Leiorhynchus beds extending from the top of 
the Hamilton to the first appearance of Hypothyridina. West of New 
Lisbon, near Pittsfield, this member is represented by the Leiorhynchus 
beds between the Hamilton and the horizon of Echinocoelia referred to 
as the probable horizon of Hypothyridina. 

Above the New Lisbon member there are 35 feet of shaly sandstone 
containing Hypothyridina at three known levels. The lowest level is 
the one mentioned above as occurring at the top of the quarry. A 
second level is exposed a short distance downstream from the forks 
of the tributary. Here the Hypothyridina is associated with many 
specimens of Echinocoelia and Atrypa spinosa. The Echinocoelia are 
like those referred to in the gully east of Pittsfield. 

The uppermost Hypothyridina bed occurs at the forks of the tribu- 
tary, in hard shaly sandstone. The Hypothyridina are of large size, 
with the internal pallial markings exceptionally well preserved. The 
name, Laurens member, was proposed in 1933 ?* for the thicker Hy- 
pothyridina beds of the Otego Valley. These beds in Butternut Valley, 
to which the name Laurens is applicable, are the thinned equivalent of 
the Otego Valley exposures. 


1G. A. Cooper: Stratigraphy of the Hamilton group of eastern New York, Am. Jour. Sci., 
5th ser., vol. 27 (1934) p. 5. 
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Above the Laurens member in the Butternut Valley section there 
are about 89 feet of rock, the top nineteen feet of which are highly 


G. 


D. 
C. 


SECTIONS 


east of New Lisbon 


Unadilla formation 


H. Sparsely fossiliferous dark sandy shale and shaly sandstone..... 


Spirifer mesastrialis, Leiorhynchus mesacostale, Cyrtina sp., 
Actinoptera boydi. 

Fine-grained bluish gray, sandy shale and sandstone containing 
Aulopora sp., Lopholasma, Atrypa sp., Chonetes lepidus, Cyrtina 
sp., Palaeoneilo constricta, Paracyclas lirata, Euryzone sp. 


. Hard sandstone, marked with Taonurus and containing Atrypa 
. Soft, dark sandy shale and hard, gray sandstone abounding in 


Aulopora, Lopholasma, Leptostrophia perplana, Leptostrophia 
acutiradiata, Chonetes lepidus, Camarotoechia horsfordi, Elytha 
fimbriata, “Spirifer” pauliformis, Ambocoelia umbonata, Atrypa 
“reticularis,” Centronella lisbonensis, Palaeoneilo plana, Acti- 
noptera boydi, Diaphorostoma cf. D. lineatum, Bembezia sulco- 
marginata, Asteropyge boothi. 

Arenaceous shale and shaly sandstone with few fossils......... 


Laurens member 


B. 


Heavy bedded, shaly sandstone with irregular fracture. Fossils 
Hypothyridina at three levels— 


Third Hypothyridina zone: 
Chonetes aurora, Productella, Hypothyridina venustula var., 
Atrypa spinosa, “Spirifer’ mucronatus, “S.” mucronatus 
tulliensis, Echinocoelia ambocoelioides, Nuculoidea lirata, Acti- 
noptera boydi, Koenenia emarginata, Phacops rana. 


fossiliferous. This upper fossiliferous zone is clearly the fossiliferous 
fimbriata zone of the West Brook member which occurs at Perrytown 
and Greens Gulf south of New Berlin in Unadilla Valley. It and the 
rock below, down to the Laurens members, are assigned to the West 
Brook. The tracing of this fimbriata zone of the West Brook member 
into Butternut Valley indicates clearly the equivalence of the thin 
calcareous lenses containing Hypothyridina near Perrytown with the 35 
feet of the Laurens member east of New Lisbon. 


Section along the first south tributary to Stony Creek, one and one-half miles 


Ft. In. 


10 


71 
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BUTTERNUT VALLEY SECTION 


Second Hypothyridina zone: 
Chonetes aurora, Hypothyridina venustula, “Spirifer” mucrona- 
tus tulliensis, “S.” mucronatus, Atrypa spinosa, A. cf. A. lenti- 
formis, Echinocoelia ambocoelioides, Nuculoidea lirata, Acti- 
noptera boydi, Koenenia emarginata, Grammysia cf. G. bisulcata, 
Asteropyge boothi var. Goniatite. 


First Hypothyridina zone: 
Schizophoria sp., Leptostrophia sp., Chonetes aurora, Hypothy- 
ridina venustula, Leiorhynchus mesacostale, Emmanuella subum- 
bona, “Spirifer” mucronatus, Koenenia emarginata, Bembexia 
sulcomarginata, Modiomorpha conveza. 


New Lisbon member 


A. Shaly, blue-gray, thin-bedded sandstone with fossils: Leiorhyn- 
cus mesacostale, “Spirifer’ mucronatus, Chonetes aurora, Para- 


Hamilton formation 
Blue-gray irregularly bedded sandstone to Vitulina bed........ 22 
OTEGO VALLEY SECTION 


GENERAL STATEMENT 


No two meridional valleys in eastern New York show the same sec- 
tion in the Tully stratigraphy. This is particularly true of the Otego 
Valley section, which differs very markedly from that of Butternut 
Valley. Here several localities were visited, but not one showed a 
complete sequence of the Tully. The lower part of the section show- 
ing the Vitulina bed of the Hamilton and about 70 feet of the Laurens 
member is exposed in Houghtaling’s Glen one and one-half miles north- 
east of Laurens. The upper Laurens and the West Brook member 
are exposed in the next ravine south of Houghtalings. The columnar 
section presented in the correlation chart is, thus, a composite of these 
two sequences. 

The basal beds of the Laurens member occur 35 feet above the 
Vitulina bed and contain Hypothyridina. The New Lisbon member 
is lacking. Five feet above the base of the Laurens is a calcareo- 
arenaceous layer composed nearly completely of the shells of Leior- 
hynchus mesacostale and a few other fossils, among them Spirifer 
mesastrialis. This identical assemblage and lithology were seen in 
Butternut Valley, just above the New Lisbon member. At Hough- 
taling’s Glen the basal beds are followed by dark shaly sandstones 
and cross-bedded sandstone containing a few fossils. This rock is 
capped by a massive, heavy bedded sandstone which forms the capping 
ledge of a cascade. The shaly sandstone beds overlying this hard 
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sandstone contain Hypothyridina in abundance. About twenty feet 
above this is the top of the section where the beds are shaly sand- 
stone with large Atrypa and Schizophoria, probably correlating with 
the base of the section exposed in the gully next south of Houghtalings. 
In the latter section the lower thirty feet of rock contain Hypothyridina 
and many other fossils suggesting the middle and upper part of the 
Laurens member in the Butternut Valley. The correlation between 
the section in Houghtaling’s Glen and the one next south is not abso- 
lutely certain but appears to be the best that can be made under the 
circumstances. At any rate, the thickness of the Laurens member here 
is not less than 70 feet and may be as much as 90 to 100 feet. 

The Hypothyridina beds in Otego Valley are followed by 48 feet of 
shaly and cross-bedded sandstone containing very few fossils. This is 
succeeded by a bed of crinoidal limestone one and one-half feet in 
thickness, containing Leptaena, Proetus rowi, and other fossils. It is 
undoubtedly the same bed as that exposed at the base of the West 
Brook in Greens Gulf and on both sides of Butternut Valley. Above 
this limestone is a layer of shale abounding in a variety of fossils 
which clearly are those of the fimbriata zone of the West Brook; how- 
ever, with some additions. Above these most fossiliferous shales the 
rocks are sandier and harder for about 10 feet and contain Atrypa and 
Lopholasma in abundance. Above this are less than 75 feet to the 
first undoubted Ithaca fossils. 

SECTIONS 
Section in Houghtaling’s Glen, one and one-half miles northeast of Laurens 


Laurens member Ft. In. 


Dark, shaly sandstone and platy sandstone with Hypothyridina 
in the lowest foot and Atrypa, Schizophoria and Echinocoelia at 


E. Hard massive sandstone marked by Taonurus, forming brink 


D. Dark sandy shale and thin-bedded cross-bedded sandstone with 
Leiorhynchus mesacostale, Pholadella radiata, “Spirifer’ mucro- 
natus, Bembezia sulcomarginata, Palaeoneilo constricta ....... 13 

C. Cross-bedded platy sandstone with Leiorhynchus mesacostale.. 26 

B. Calcareo-arenaceus rock abounding in Leiorhynchus mesacostale 
Cyrtina hamiltonensis, Hypothyridina venustula var., “Spirifer” 
mucronatus  tulliensis, “8.” mesastrialis, Emmanuella 
subumbona, Paracyclas lirata, Modiomorpha conveza. 

Leiorhynchus mesacostale, “Spirifer” mucronatus, Hypothyridina 
venustula. 
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OTEGO VALLEY SECTION 


Hamilton formation 


Blue grey shaly sandstone to Vitulina bed ..................4. 


Section in ravine one mile northeast of Laurens 
Unadilla 


G. Heavy-bedded, irregularly bedded shaly sandstone with 
F. Dark sandy shale and shaly sandstone with scattered “Ithaca” 


Tully formation 


West Brook member 


E. Gray sandstone and sandy shale with Atrypa and Lopholasma 

D. Soft dark sandy shale abounding in fossils, with 1% feet of 
arenaceous, muddy crinoidal limestone at the base........ engine 
Cyathophylloid corai, Favosites, Conularia, Cystodictya incis- 
surata, Tropidoleptus carinatus, Chonetes lepidus, Leptostrophia 
perplana, Leptostrophia acutradiata, Schuchertella arctostriata, 
Leptaena “rhomboidalis,” Camarotoechia sappho, Elytha fim- 
briata, Athyris cora, A. spiriferoides, Cyrtina hamiltonensis, Am- 
bocoelia umbonata, “Spirifer” pauliformis, “S.” n. sp. Cranaena 
romingeri, Aviculopecten fasciculatus, A. idas, A. cf. A. exactus, 
Pterinopecten hermes, P. vertumnus, Palaeoneilo tenuistriata, 
P. constricta, Koenenia emarginata, Nuculoidea lirata, Modio- 
morpha concentrica, Modiomorpha subalata, M. mytiloides, 
Cypricardella complanata, C. bellistriata, Cimitaria corrugata, 
Cypricardinia indenta, Paracyclas lirata, Bucanopsis leda, B. 
lyra, Cyrtolites pileolus, Diaphorostoma lineatum, Euryzone 
itys, E. filitexta, Lophospira triliz, Bembexia sulcomarginata, 
Coleolus tenuicinctus, “Orthoceras” exile, Asteropyge boothi, 
Phacops rana, Proetus rowi, P. macrocephalus. 

C. Cross-bedded, platy sandstone and dark, sandy shale........... 


Laurens member 


B. Shaly, irregularly bedded sandstone with Hypothyridina, “Spiri- 
jer’ mucronatus, Paracyclas lerata 

A. Dark, blue-gray shaly sandstone with many fossils............. 
Aulopora, Conularia congregata, Chonetes aurora, Leptostrophia 
acutiradiata, Hypothyridina venustula, Atrypa spinosa, A. 
“reticularis,” Echinocoelia ambocoelioides, “Spirifer’ mucro- 
natus tulliensis, “S.” mucronatus, Cyrtina n. sp., Lyriopecten cf. 
L. interradiatus, Actinoptera boydi, Palaeoneilo constricta, 
Koenenia emarginata, Paracyclas lirata. 
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SUSQUEHANNA VALLEY SECTION 
GENERAL STATEMENT 

Susquehanna Valley is about five miles east of Otego Valley, and 
in this short distance a radical change takes place in the Tully. On 
the west side of the valley a complete section is unknown, but there 
are excellent exposures of a portion of the Laurens member by the road 
along Goodyear Lake at the dam. Here are about thirty feet of irreg- 
ularly bedded shaly and heavy bedded sandstone. Hypothyridina 
ranges for 22 feet vertically in the section and is accompanied by many 
other species, including “Spirifer mesastrialis.” This section is un- 
doubtedly the upper part of the Laurens. 

On the east side of the valley, Hypothyridina is not so abundant and 
was not seen at the base of the Tully. By the side of the road up the 
steep hill two and one-half miles east of Milford are exposed nearly 
fifty feet of thin-bedded sandstone. Hypothyridina occurs near the 
base and fifteen feet above the lowest occurrence, but it is rare and 
difficult to find. The lowest Hypothyridina is a little more than 100 
feet above the Vitulina bed, which is exposed in the glen just south 
of the road. Fifty feet above the Vitulina is a storm-roller bed about 
sixteen feet thick, which abounds in Letorhynchus mesacostale. This is 
regarded as the base of the Tully, but Hypothyridina was not seen in 
these contorted beds. 

Three miles south of Milford, on the east side of the valley, expo- 
sures on the property of W. H. Wood contain Hypothyridina 109 feet 
above the Vitulina bed, but the species is restricted to a foot or two of 
bluish sandstone. The Hypothyridina is accompanied by Paracyclas 
lirata, Prothyris lanceolata, and other Ithaca species. On the east 
side of Goodyear Lake, one and one-half miles north of Cooperstown 
Junction, the Hypothyridina is present in exposures by the side of 
the road. 

The West Brook member was not discovered in any of the localities 
studied in Susquehanna Valley. 


SECTIONS 
Section on west side of Susquehanna Valley opposite the dam in Goodyear Lake, 
one and one-half miles south of Milford Center 
Laurens member Ft. In. 


G. Argillaceous and platy sandstone Chonetes aurora, Aviculopecten 
exactus, Actinoptera boydi, “Spirifer’ mucronatus tulliensis, 
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SUSQUEHANNA VALLEY SECTION 


Ft. In 
F. Argillaceous, irregularly bedded sandstone .................... 1 6 
Aulopora sp., Conularia congregata, Lingula sp., Chonetes aurora, 
Leptostrophia acutiradiata, Hypothyridina venustula, Ambo- 
coelia umbonata, Cyrtina, Spirifer mesastrialis, S. mucronatus 
tulliensis, Echinocoelia ambocoelioides, Actinoptera boydi, 
Koenenia emarginata, Paracyclas lirata, Bembexia sulcomar- 
ginata. 
A. Argillaceous sandstone with Hypothyridina .................. 5 


Section at the head of the Strong ravine, two and one-half miles east of Milford 


Tully Ft. In. 
C. Thin-bedded sandstone with Hypothyridina .................. 15 


Tropidoleptus carinatus, Hypothyridina venustula, “Spirifer” 
mucronatus, Aviculopecten fasciculatus, Leiopteria cf. L. leai, 
Grammysioidea arcuata, Koenenia marginata, Cypricardella 
complanata, Paracyclas lirata. 

B. Thin-bedded, argillaceous sandstone ..................000000: 37 
Tropidoleptus carinatus, Emmanuella subumbona, Leiorhynchus 
mesacostale, Koenenia emarginata, “Spirifer’ mucronatus. 

Schuchertella arctostriata, Leiorhynchus mesacostale, “Spirifer 
mucronatus,’ Koenenia emarginata, Cypricardella gregaria, 
Paracyclas lirata. 

53 


SCHENEVUS VALLEY SECTION 
GENERAL STATEMENT 


Two sections were examined in the steep south side of Schenevus 
Valley in the vicinity of Chaseville and Schenevus. These localities 
are about five and seven miles, respectively, east of Susquehanna Valley. 

In a ravine on the south side of the valley, south of Chaseville, 
Hypothyridina occurs in four inches of sandstone about 148 feet above 
the Vitulina bed. At this place it is accompanied by Spirifer tullius 
and other Hamilton fossils. 

The best Tully section in this region is along the banks of a ravine 
just southeast of Schenevus. Here the Vitulina bed occurs about 220 
feet above the level of the railroad along Schenevus Creek. The top 
of the Hamilton occurs about 35 feet above the Vitulina bed. Five feet 
above the estimated top of the Hamilton is a storm-roller bed abound- 
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ing in fossils, most of which are Ithaca species. This bed is succeeded 
by about 25 feet of shaly sandstone containing Leiorhynchus mesa- 
costale in some abundance. This is followed by another storm-roller 
bed containing very few fossils. Above this bed there are about 50 
feet of sparsely fossiliferous shaly sandstones and sandy shales, at 
the top of which is a thin conglomerate abounding in Spirifer tullius. 
In fine shaly sandstones two feet above this a few specimens of Hypo- 
thyridina were found. This is the farthest east that this brachiopod 
was discovered. Above the Hypothyridina there are a little more than 
100 feet of sandy shales and sandstones containing scattered fossils. 
Then come arenaceous mudstones containing Ithaca fossils in abun- 
dance. Above the Hypothyridina no trace of the West Brook was 
discovered, although a careful search was made for it. 


SECTIONS 


Section in ravine, half a mile southeast of Schenevus 


Unadilla formation Ft. In. 
Gray sandy mudstone with irregular fracture. Ithaca fossils 

F. Sandy shale and shaly sandstone with scattered Ithaca fossils... 103 
Tropidoleptus carinatus, Spirifer mesastrialis, Actinoptera boydi, 
Nuculana diversa, Koenenia emarginata, Paracyclas lirata, 
Tentaculites. 


Tully formation 
E. Thin, dark gray, shaly sandstones containing Hypothyridina and 


D. Fine-grained, dark, shaly sandstone and sandy shale............ 50 
C. Storm-roller bed of gray sandstone .....................0.00ee 3 
B. Shaly sandstone, dark gray in color, containing Letorhynchus 

A. Storm-roller and associated beds, fossils abundant.............. 5? 

Tropidoleptus carinatus, Chonetes lepidus, Leiorhynchus mesa- 

costale, “Spirifer” mesastrialis, Koenenia emarginata Modio- 

morpha concentrica, Cypricardella tenuistriata, Glyptodesma 
erectum, Bembezia sulcomarginata, Tentaculites sp. 
Hamilton 


Fossiliferous blue-gray sandstones to the Vitulina bed ......... 40 


SECTIONS EAST OF SCHENEVUS 
GENERAL STATEMENT 
Three sections were studied east of Schenevus: the first, a mile and 
a half northeast of South Worcester; the second, about two and a 
half miles east of the same place; and the third, in Summit Hill, one 
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mile north of the village of Summit. At the first section the Vitulina 
bed of the upper Hamilton was discovered at an elevation of 1593 
feet above sea level. Above this bed, exposures are poor, and col- 
lecting is difficult. For fully eighty feet above the Vitulina the only 
fossils seen were Spirifer tullius and Tropidoleptus carinatus, which 
are of no great assistance in correlation. 

In the section two and a half miles east of South Worcester outcrops 
are fairly continuous but contain few fossils. The Vitulina bed is not 
exposed in this section, but at a level estimated to be 280 feet above it 
Ithaca species appear. 

An incomplete but interesting section is exposed in the east face of 
Summit hill. Here the Vitwlina bed is exposed in the old road leading 
to the quarry, 150 feet above the level of the Richmondville-Summit 
highway. About 27 feet above the Vitulina bed is a layer of storm- 
rolled sandstone. After this the section is covered for some eight feet. 
Then follow thin beds of dark shale and thick beds of coarse sandstone. 
About 43 feet above the storm-roller bed is a thin layer of sandstone 
containing fossils, many of them Ithaca species. Above this layer the 
section is mostly fissile, dark, sandy shale with a few fossils. The top 
of the hill is capped by cross-bedded, coarse sandstones. From the 
position of this section above the Vitulina bed it is clear that the quarry 
is in the position of the lower Tully, but the fossils found are not the 
kinds usually seen at this horizon. 

The region about Summit undoubtedly represents the transition zone 
from the marine to the non-marine Tully, which appears in Schoharie 
Valley and to the east. It is unfortunate that a complete section cannot 
be obtained in this interesting region. South of Summit at Jefferson 
and farther southeast at Ruth there is a calcareous sandstone and asso- 
ciated beds containing “Sp.” mesastrialis and other Ithaca species in 
great abundance. This bed is estimated to be about 250 feet above 
the Vitulina bed of the Hamilton at Summit, and can be traced into 
Schoharie Valley, where it occurs in the hills about Gilboa and to the 
south of that village. This “Sp.” mesastrialis bed is on the strike of 
the layer in the ravine east of South Worcester, which also contains 
many of the same species. 

SECTIONS 
Section in the upper part of Summit Hill 


Gilboa formation 


i 
i 
H 
id 
i 
Ft. In. 
J. Gray, cross-bedded sandstone ................sceececeereceees 10 
f 
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H. Fissile, dark, sandy shale with a few fossils.................... 22 
G. Thin-bedded shaly sandstone and coarse sandstone. Fossils 


Tropidoleptus carinatus, “Spirifer” tullius, “S.” mesastrialis, S. 
mucronatus, Centronella gilboa, Cypricardella complanata. 


E. Dark sandy shale and sandstone ....................0ceeeeeeee 3 
D. Thin flaky shale with Leiorhynchus .....................0000e 5 
C. Cross-bedded sandstone with clay balls........................ 12 
A. Storm-roller bed with many plants .....................0.000 2 
Hamilton 
Shaly sandstone and sandy shale to the Vitulina bed........... 27 


SCHOHARIE VALLEY SECTION 
GILBOA FORMATION 

Positive identification of Tully rocks in Schoharie Valley is very 
difficult, because of the disappearance of the Vitulina bed of the 
Vitulina-Spirifer tullius zone between Summit and the valley. Re- 
cently, Cooper ?° defined the Gilboa beds to include the Tully, the 
Geneseo, and the Sherburne formations in Schoharie Valley, where 
they could not be separated. At the time this name was pro- 
posed, Cooper had the opinion that all of the beds between the top of 
the Hamilton and the zone of “Spirifer” mesastrialis, occurring at Jef- 
ferson, Ruth, and elsewhere, about 250 feet of rock in all, represented 
the three formations stated. It is now evident that Cooper was in 
error in supposing that the “Sp.” mesastrialis bed was at the base of 
the Ithaca. It seems best, therefore, to expand the name Gilboa to 
include all of the rocks in Schoharie Valley between the top of the 
Hamilton and the base of the red beds. As thus defined the Gilboa 
includes the Tully and the Unadilla formations, which are here not 
separable because of the eastward disappearance of the Tully fossil 
Hypothyridina. At the locality originally designated as the type 
section of the Gilboa, the upper part of the formation is not present. 
This portion is, however, well exposed along Highway 30, about two 
and one-half miles northeast of Grand Gorge. As redefined, the Gilboa 
is about 325 feet thick in Schoharie Valley. 

19 Fossils seen in quarry dump: Conularia, Tropidoleptus carinatus, Chonetes cf. C. coronatus, 
Schuchertella, Leiorhynchus mesacostale, Spirifer tullius, S. mesastrialis, S. mucronatus, Ambo- 
coelia umbonata, Centronella gilboa, Aviculopecten fasciculatus, Nucula bellistriata, N. corbuli- 
formis, Koenenia emarginata, Glyptodesma erectum, Leiopteria cf. L. leai, Goniophora carinata, 
Cypricardella complanata, Physetomya raricosta, Grammysioidea arcuata, Paracyclas lirata, Sphe- 
notus cf. S. subtortuosus, Bembezia sulcomarginata, fish fragments. 


2G. A. Cooper: Stratigraphy of the Hamilton group of eastern New York, Am. Jour. Sci., 
5th ser., vol. 27 (1934) p. 7, 8. 
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The top of the Hamilton in Schoharie Valley is drawn at the top 
of a zone containing peculiar plicated terebratuloids, here named Rhi- 
pidothyris. There are two distinct zones of this fossil in the valley. 
The lowest is estimated to be at the horizon of the Vitulina bed and is 
exposed by the side of the road over the hill from Minekill Valley to 
the settlement at South Gilboa, about two miles northeast of the village. 
This bed also occurs at the base of the upper falls of the Manorkill. 
About 80 feet above this zone on the Manorkill is a second zone of 
Rhipidothyris, which is estimated to be at about the base of the Tully. 
This second zone is exposed in the north bank of Manorkill, about 
one-half mile east of West Conesville. When this zone is projected 
southward up Schoharie Valley toward Prattsville it descends beneath 
the valley floor a little north of the Intake Building of the Schoharie 
Reservoir, about two and three-quarters miles south of Gilboa. 

The best section of Gilboa rocks in the valley is exposed at the Intake 
Building and along the road from this building which connects with 
the road to Hardenburg Falls and Grand Gorge. The base of the 
section is very near the base of the Gilboa, perhaps ten to twenty feet 
above the estimated top of the Hamilton. The lowest 21 feet of the 
section are composed of green and red shales and sandstones. Above 
these, sandstones predominate. At the intersection of the road entering 
the grounds of the Intake Building and the road running along the east 
foot of Pine Mountain is the calcareo-arenaceous “Spirifer” mesastri- 
alis bed referred to above. This is thought to be the same as the bed 
at Ruth and Jefferson, south of Summit. At two horizons below this 
zone, fossiliferous layers were seen. The hard layer containing “Sp.” 
mesastrialis is a useful datum plane in Schoharie Valley. It occurs at 
Hardenburg Falls, about one mile south of the Intake Building; by the 
side of the road, one mile due west of Conesville; and near the base 
of the section, along Highway 30, two and one-half miles northeast 
of Grand Gorge. 

Although the Gilboa fauna is almost wholly composed of Ithaca 
species the formation is actually pre-Ithaca in age. The part between 
the top of the Hamilton and the “Sp.” mesastrialis is probably not 
younger than Tully-Geneseo in age and may have all been deposited in 
Tully time. The red beds overlying the Gilboa were undoubtedly 
deposited in Sherburne time. East of Schoharie Valley the Gilboa 
formation is represented by red beds and green, cross-bedded sand- 
stones (Onteora beds of Chadwick).”* 


21 G. H. Chadwick: Catskill as a geologic name, Am. Jour. Sci., 5th ser., vol. 26 (1933) p. 480, 483. 
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SECTIONS 
Section at the Intake Building, Pine Mountain 


Gilbos formation Ft. In. 
11 


Tropidoleptus carinatus, “Spirifer’ mesastrialis, “S.” muconatus, 
Camaroteochia, Glyptodesma erectum, Actinoptera sp., Koe- 
nenia emarginata, Nuculana brevirostris, Goniophora sp., Gram- 
mysia magna. 

M. Calcareo-arenaceous rock abounding in fossils................. is 
Tropidoleptus carinatus, “Spirifer” mesastrialis, “S.” mucronatus, 
Actinoptera cf. A. boydi, Koenenia emarginata, Nuculites cf. N. 
oblongatus, Glyptodesma erectum, Cypricardella gregaria, C. 
complanata, Schizodus sp., Bellerophon sulcomarginata, Tenta- 


culites. 

J. Thin-bedded greenish gray sandstone .....................0005 27 

I. Heavy-bedded sandstone with fossils .....................005. 68 


Tropidoleptus carinatus, Spirifer mesastrialis, Centronella gilboa, 
Tancrediopsis lamellata, Koenenia emarginata, Cypricardella 


gregaria. 
H. Black shale with a new species of Taonurus.................... 3 
Modiomorpha arcuata, Lingula sp., Septothyris septata, Ostra- 
coda. 
A. Green and red shale and sandstone.......................005. 21 


Section along Highway 30, two and one-half miles northeast of Grand Gorge 


Onteora beds Ft. In. 
Blue green, cross-bedded sandstone with plant fragments....... 27 
Knotty and smooth green and red shale and sandstone......... 51 


Green, hackly fracturing sandstone ..................0eeseeee 5 


SCHOHARIE VALLEY SECTION 821 


Ft. In 
Mostly red and green shales containing a thin band of fossili- 
ferous black shale about 10 feet below the top: Eridonychia 
Gilboa formation 
Heavy bedded, light colored sandstone marked by scattered 
Bluish green, fossiliferous sandstone: Tropidoleptus carinatus, 
“Spirifer’ mucronatus, “Spirifer” mesastrialis ............... 14 
Heavy-bedded, greenish sandstone with “Spirifer” mesastrialis, 
“Sp.” mucronatus, Sphenotus cuneatus, Nuculites cuneiformis, 
Actinoptera boydi, Goniophora carinata, Cypricardella com- 
Fossiliferous sandstone with a one foot calcareo-arenaceous teem- 
ing with “Spirifer” mesastrialis at the base: Camarotoechia sp., 
Tropidoleptus carinatus, Schuchertella sp., Grammysia magna, 
Actinoptera boydi, Cypricardella 5 66 


Greenish gray, heavy-bedded sandstone containing a 3-10 inch 
fossiliferous layer at the top: “Spirifer’ mesastrialis, Tropi- 
doleptus carinatus, Cypricardella complanata, C. gregaria, 
Actinoptera boydi, Koenenia emarginata, Palaeonetlo maxima 26 


Section on the Manorkill, one-half mile east of West Conesville 


Gilboa formation Ft. In. 
Green shale containing Rhipidothyris plicata, R. multiplicata, 
Ulrichia conradi, Hollina kolmodi 5 
Mottled green and red sandy shale.....................0.0005 3 


TULLY FAUNA 
GENERAL STATEMENT 


Through the large collections of fossils made by the writers, names 
of many species, hitherto unreported from the Tully, have been added 
to the list of species. In 1887, S. G. Williams ”? published a list of 115 
species from central and western New York. Later, H. S. Williams 7* 
criticized this early list as being far too extensive, and stated that “A 
considerable number of species reported in this list I have examined 


28. G. Williams: op. cit., p. 26-29. 
23H. 8. Williams: op. cit., p. 496, footnote. 
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in the collection made by the author of the list and find them and the 
rock containing them indistinguishable from specimens contained at 
the same locality below the Tully limestone in limestone layers filled 
with Hamilton species, but never in the Tully limestone itself.” The 
authenticity of most of S. G. Williams’ list is confirmed by the collec- 
tions of the present writers, who found all but 20 of the 93 named 
species recorded by the author of the list. 

The writers have examined the collections of Tully fossils made by 
H. S. Williams and his helper, Ira Sayles, which are now in the National 
Museum. The bulk of the material is from Tinkers Falls, Cuyler, 
Tully, and a few localities in the Finger Lakes region. Most of the 
specimens are from the lower portion of the Tully, Tinkers Falls, and 
Apulia members. The collection, as a whole, contains very few species 
from the West Brook member or upper Tully. On the basis of such 
collections, which do not represent all parts of the Tully, it is quite 
easy to understand H. S. Williams’ remark * that “There are about 
fifty genuine Tully limestone species. Of these less than twenty-five 
are at all common, and the other twenty-five are Hamilton species 
which do not appear above the Tully, or are unique forms of Hamilton 
types. Of the more or less common Tully forms fully one-half are also 
clearly Hamilton species or their descendants, or are unique forms.” 
Williams was certainly mistaken in his idea that there are only fifty 
genuine Tully species. The new list presented herein is based on collec- 
tions made by the writers and, in addition, a small but choice collection 
belonging to Dr. John Wells of Homer, New York. 

The Tully fauna may be divided into three groups of species: the 
Hamilton group, the Ithaca group, and the exotic or introduced group. 
The bulk of the Tully fauna is composed of Hamilton species, which 
give it a pronounced Middle Devonian appearance. All but 26 of the 


‘species listed are actual Hamilton species occurring below the Tully, 


and of these 26 species only 11 have no known or probable Hamilton 
ancestors. 

The Ithaca element does not form a large part of the fauna and is 
rather restricted to the eastern sandy facies. Twenty-four species 
common to the Ithaca are also abundant in the Tully, but every one 
of these species, except two, is also a common Hamilton fossil. The 
two exceptions are Leptaena “rhomboidalis” and Letorhynchus mesa- 
costale. The latter is sometimes indistinguishable from L. multicosta 
of the Hamilton. Spirifer mesastrialis, the leading Ithaca species, is 
undoubtedly of Hamilton origin. The senior author has collected 


% Op. cit., p. 497. 
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specimens of “Spirifer” having all of the characters of “S.” mesastrialis, 
as low as upper Ludlowville in Schoharie Valley. 

The exotic species are four in number, an exceedingly small per- 
centage of the total fauna. These are Receptaculites sp., Leptaena 
“rhomboidalis”; Scutellum tullium, Hypothyridina venustula, and 
varieties. 2° The Leptaena is common in the Onondaga limestone below 
the Hamilton and occurs in some abundance in the Otselic member of 
the Ithaca but is unknown in the New York Hamilton. Scutellum is a 
very rare fossil in the Tully. It is known in the Cedar Valley of Iowa 
but is unknown in the Middle Devonian of New York. The genus 
occurs in the European Middle Devonian as well as in the Upper De- 
vonian. It, therefore, does not conclusively demonstrate an Upper 
Devonian age for the Tully. 

Hypothyridina venustula has often been misidentified as H. cuboides. 
It does not resemble German specimens of H. cuboides from the 
“Cuboides” zone but rather resembles H. procuboides Kayser. 


AGE OF THE TULLY FORMATION 


Williams’? main argument for correlating the Tully limestone 
with the “Cuboides zone” (Iberger limestone, etc.) of Europe was 
based upon the presence of species in the Tully fauna exotic to 
New York. When the antecedents of the Tully species (exclud- 
ing a few new species) are brought under scrutiny, only four out of 
the 250 known species cannot be identified as actual Hamil- 
ton species or descendants of well known Hamilton forms. There are 
no known American antecedents of the Hypothyridina and Scutellum 
in the Middle Devonian of eastern United States. These species, there- 
fore, probably reached New York by migration, but whether or not 
they reached New York during Middle or Upper Devonian time is 
regarded as an open question by the writers. 

On the basis of Hypothyridina and Scutellum principally, and a few 
other species, Williams contended that the Tully was contemporaneous 
with the “Cuboides zone” at the base of the Upper Devonian in Europe. 
There are certain obvious resemblances between the two faunas, but 
the Tully is lacking in certain species and genera which are common to 
the “Cuboides zone.” Important among these are Cyrtospirifer ver- 
neuili, a type of spiriferoid not seen in North America below the base 


% Those familiar with the Tully fauna will wonder why Schizophoria tulliensis was left out 
of the list of exotic species. The reason is that Schizophoria is abundant in the upper Marcellus 
east of Schoharie Valley. This is undoubtedly related to the Tully species, because a large element 
of the Tully fauna, and the Ithaca fauna as well, is made up of Marcellus-Skaneateles species. 

%H. 8S. Williams: op. cit., p. 492-499. 
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of the Chemung. Others are Gypidula and Pugnaz. It is a strange 
circumstance that Hypothyridina and Scutellum of all the “Cuboides 
zone” species were the only two to reach New York. 

Although the Tully fauna is now regarded as Upper Devonian, the 
predominant Hamilton elements would suggest an earlier age. This 
question cannot be answered here and can only be convincingly settled 
after a comparison of Tully species with actual European specimens. 
Because of the lack of European stratigraphic material in the National 
Museum this comparison could not be undertaken. From the great 
variety of form exhibited by Hypothyridina locally and in distant 
regions, it is only natural to suspect that many of the variations (or 
species) actually occur at different levels. Should this prove true, it 
may ultimately be found that some species of Hypothyridina underlie 
H. cuboides and are older than basal Upper Devonian. The whole 
problem of the age of the Tully must thus wait on further exploration, 
faunal description, and stratigraphic discrimination in western United 
States, Canada, Europe, and Asia. The problem also awaits the settle- 
ment of the question, What is Hypothyridina cuboides Sowerby? 


FORMATIONS ABOVE THE TULLY 
GENESEO 


In the vicinity of the type section of the Tully formation the 
limestone is overlain by about 75 feet of black, fissile, sparsely 
fossiliferous shale known commonly, and ambiguously, as the Genesee 
shale or formation, but more correctly termed Geneseo shale by 
Chadwick.?7 When this formation is traced westward from the 
type section of the Tully limestone, it increases considerably in thick- 
ness to 100 feet at Cayuga Lake and 85 feet in the Genesee Valley. 
West of the Genesee Valley the formation thins rapidly to about two 
feet on Cazenovia Creek, Erie County. On the Lake Erie shore the 
black shale has almost completely disappeared, only a remnant a few 
inches in thickness being recognizable. 

When the Geneseo shale is traced east from the type section of the 
Tully limestone, it thins gradually because of lateral replacement by 
the Sherburne sandstone to about 60 feet in the Cazenovia Quadrangle 

*7 As defined by the New York State Geological Survey, the term Genesee has a broad appli- 
cation and also a restricted meaning. In the broad application of the term, Genesee includes 
the beds from the Tully to the Standish flags. In a restricted sense, which is the more familiar 
use of the term, the name applies to the black shale between the Tully and the Genundewa 
limestone. However, the use of Genesee in two senses is confusing. Realizing the desirability 
of an unambiguous name for the black shale between the Tully and the Genundewa limestone, 


Chadwick [Large fault in western New York, Geol. Soc. Am., Bull., vol. 31 (1920) p. 118, footnote] 
proposed the name Geneseo, which is used in this paper. 
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and the west side of the adjacent Morrisville Quadrangle. In the 

valley of Pleasant Creek, in the vicinity of Upperville and Smyrna, 
forty feet of dark shales are assigned to the Geneseo, and the same 

thickness of dark shale can be placed in this formation at West Brook 

on the east side of Chenango Valley. At this place, and in Nigger 

Hollow to the north, the upper shaly beds of the Tully are succeeded 

by black fissile shales and dark sandy shales containing a few fossils, 

i. e., poorly preserved goniatites, Buchiola, and Leptodesma. The 

Geneseo shale here has not the uniform black color of the exposures to 

the west, but is dark gray with a bluish cast. 

In Unadilla Valley, the writers failed utterly in their attempt to 
recognize the Geneseo shale. Here the West Brook member of the 
Tully is followed about 150 feet by dark sandy shales with few fossils, 
after which Ithaca fossils appear in considerable abundance. The 
lithology of this 150 feet of post-West Brook rock is so very uniform 
that a Geneseo division cannot be separated from the Sherburne. 

In Butternut Valley the fossiliferous West Brook member (fimbriata 
zone) is succeeded by dark sandy shales and thin sandstones with scat- 
tered fossils, Letorhynchus mesacostale, “Spirifer’ mesastrialis, and 
Actinoptera, occurring 40 feet above the fimbriata zone. This is near 
the top of the Geneseo stratigraphically but no lithological contrast 
could be discovered to separate these rocks from the Sherburne which 
now carries fossils of Ithaca facies. 


SHERBURNE 
The type section of the Sherburne sandstone is in the vicinity of 
the village of Sherburne. The name was made to distinguish a layer 
of shale and sandstone, notable for its sandstone flags. Accord- 
ing to definition, fossils are few. The formation is said to overlie the 
Genesee shale. Since the Genesee (Geneseo) was only imperfectly 
recognized east of the village of Smyrna, the stratigraphic position of 
the Sherburne beds was ascertained from exposures west of Smyrna. 
Although Vanuxem ** states that he saw the “Genesee” shale at North 
New Berlin (now New Berlin), he does not confirm the remark in his 
discussion of the Genesee shale. The top of the Sherburne was defined 
as the horizon where Ithaca fossils become prevalent. 
Prosser measured the Sherburne at the type section as 250 feet, but 
from this thickness 65 feet, representing the Tully and the Geneseo, 
must be subtracted, leaving a thickness of 185 feet for the formation. 


3 Lardner Vanuxem: Geology of New York. Part III, comprising the survey of the third 
geological district. Albany (1842) p. 292. 
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In the Norwich and the adjacent Morrisville quadrangles to the north 
the Sherburne is estimated to be 230 feet thick. In the Cazenovia and 
the Tully quadrangles it measures about 210 feet. 

The farther east from the type section the Sherburne was traced the 
more difficult became its recognition. In Unadilla Valley it was impos- 
sible to separate the Geneseo and the Sherburne. On the basis of the 
first appearance of Ithaca fossils above the fimbriata zone of the Tully 
in this valley the Sherburne would be 150 feet thick, but at least 60 
feet of this thickness belongs to Tully and Geneseo rocks. In Butternut 
Valley there are only 40 feet of rock between the fimbriata zone and the 
first appearance of Ithaca species, among which “Spirifer” mesastrialis 
was found. In Otego Valley between these two horizons there are about 
95 feet, but here “Spirifer” mesastrialis actually occurs with Hypo- 
thyridina. In Susquehanna Valley the position of the West Brook 
fimbriata zone is unknown, and there are less than 100 feet of sandstone 
between the Hypothyridina and the horizon of abundant Ithaca species. 
In the section at Schenevus the fimbriata zone is unknown, and there 
are, as in Susquehanna Valley, about 100 feet of rock between the level 
of Hypothyridina and an assemblage of Ithaca species containing 
“Spirifer” mesastrialis. But in this section, too, it is important to 
emphasize that in the first few feet above the top of the Hamilton a 
suite of Ithaca species was discovered. Also, in the quarry on Summit 
Hill, one mile north of Summit village, rocks overlying the supposed 
top of the Hamilton contain an assemblage of species including 
“Spirifer” mesastrialis. In Schoharie Valley, Spirifers having the 
characters of “Sp.” mesastrialis were discovered in beds stratigraphi- 
cally in the top of the Hamilton. Specimens having the characteristics 
of this species were found as low as upper Ludlowville in the same 
valley. Ithaca species occur above the Hamilton for fully 300 feet, 
almost to the base of the red beds in the vicinity of Grand Gorge. 

Due to rapid infiltration of Ithaca species in the Sherburne east of 
Chenango Valley, it is practically impossible to recognize the forma- 
tion and separate it from the Otselic member above it. Therefore, it is 
best to abandon the name Sherburne, and Ithaca as well, east of 
Unadilla Valley, and use in their place the name, Unadilla formation ”°, 
proposed by Prosser. The name, Sherburne, will be useful for the 
unfossiliferous, fine-grained sandstones and dark shales between the 
Geneseo and the Otselic divisions from Chenango Valley westward. 


2 C. 8. Prosser: Notes on the geology of eastern New York, Am. Geol., vol. 32 (1903) p. 384. 
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“ITHACA” FORMATION OF EASTERN NEW YORK 
GENERAL STATEMENT 


At its type section at Ithaca, New York, the Ithaca formation con- 
sists of members of black shale and grey arenaceous shales. West of 
Ithaca black shale replaces the sandy shales, but east of Ithaca the 
section thickens, and arenaceous shales and sandstones predominate. 
The relationship is similar to that in the Hamilton, where arenaceous 
sediments replace the Marcellus black shales to the east. Species 
common in the arenaceous facies of the Ithaca descend in the section 
to the east, following the sands as they replace the black shales. 

In the area between Tioughnioga and Chenango valleys the Ithaca 
sediments above the Sherburne formation have been divided into two 
parts: the lower one is the Otselic division, characterized by a large 
number of Hamilton species and the absence of “Spirifer”’ mesastri- 
alis ;*° the upper member contains “Spirifer” mesastrialis and has been 
called the Cincinnatus flags.** 

When these divisions or members are traced eastward from Otselic 
Valley to Chenango Valley it is possible to distinguish a much attenu- 
ated Otselic member beneath beds carrying the “Spirifer” mesastrialis. 
But farther east of Chenango Valley the “S.” mesastrialis descends 
lower and lower in the section, making it impossible to recognize an 
Otselic member. Not only does this species invade beds of Otselic 
age, it occupies pre-Otselic beds of Sherburne, Geneseo, Tully, and 
Hamilton age. 

OTSELIC MEMBER 

Rocks undoubtedly assignable to the Otselic were traced from 
Otselic Valley to the east side of Chenango Valley. In the sec- 
tion along West Brook and its tributaries there are 87 feet above 
the Sherburne, containing Ithaca species in abundance, but, so far as 
known, without “Sp.” mesastrialis. In Otselic Valley a species of 
Leptaena occurs in the lower part of the Otselic, but it was not seen 
east of the western edge of the Morrisville Quadrangle. The Otselic 
member in the Otselic Valley is stated to be 585 feet thick.*? In Che- 

* J. M. Clarke: The stratigraphic and faunal relations of the Oneonta sandstones and shales, 


the Ithaca and the Portage groups in central New York, N. Y. St. Geol., 15th Ann. Rept., 1895 
(1897) p. 52. 

“J. M. Clarke: Classification of New York series of geologic formations, N. Y. St. Mus., 
Hdbk. 19 (1903) p. 24. 

C. A. Hartnagel: Classification of the geologic formation of the State of New York, N. Y. St. 

Mus., Hdbk. 19, 2nd ed. (1912) p. 82. 

J. M. Clarke: The stratigraphic and faunal relations of the Oneonta sandstones and shales, 
the Ithaca and the Portage groups in central New York, N. Y. St. Geol., 15th Ann. Rept., 1895 
(1897) p. 44. 
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nango Valley, 13 miles to the east, this thickness has diminished by 
nearly 500 feet because of downward migration by “Sp.” mesastrialis. 

Approximately fifty feet of rock between the Sherburne and the 
lowest discovered horizon of “Sp.” mesastrialis on the west side of 
Unadilla Valley can be assigned to the Otselic member. East of Una- 
dilla Valley, however, there are no rocks that can be assigned accurately 
to this member. 

UNADILLA FORMATION 

The name, Unadilla, was proposed by Prosser ** to include the 
practically indivisible Sherburne and “Ithaca” formations in Una- 
dilla Valley and to the east. But since, as has already been stated, 
it is here impossible to separate the Sherburne and the underlying 
Geneseo and upper Tully the base of the Unadilla formation must 
be redefined. Prosser called the beds immediately overlying the 
Hamilton, Sherburne and did not recognize the Tully and Geneseo east 
of Smyrna, Chenango County. The beds from the top of the Hamilton 
to the horizon of abundant Ithaca species were called by him the 
Sherburne formation. It is now necessary to take the base of the 
Unadilla formation above the top of the fimbriata zone of the Tully. 
The top of Prosser’s Unadilla formation is at the base of the Oneonta 
sandstone. As thus defined, the formation can be recognized easily as 
far east as Otego Valley, where the fimbriata zone at the top of the 
Tully is still well developed. East of this valley the name Gilboa must 
apply because of the disappearance of the fimbriata zone. The Sher- 
burne member of the Unadilla formation, distinguished by Prosser, 
could not be identified by the writers. 


GILBOA FORMATION 


This name was proposed for the pre-Ithaca rocks of eastern New 
York which carry a fauna composed almost wholly of Ithaca spe- 
cies. As redefined it includes the beds from the top of the Hamil- 
ton to the base of the red beds in Schoharie Valiey. This is cer- 
tainly the equivalent of the Tully and may include some or all of the 
Geneseo, exactly how much it is impossible to say. 


PALEOGEOGRAPHY 


Under this heading the writers wish to correct a current misconcep- 
tion. The Sherburne sandstone has been interpreted as a great sandbar 
on the east side of which lingered a lower Portage fauna, made up 
chiefly of Hamilton species unable to reach the waters in which Geneseo 


33C. S. Prosser: Notes on the geology of eastern New York, Am. Geol., vol. 32 (1903) p. 384. 
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muds were being deposited because of this barrier. In later Portage 
time the bar was believed to be submerged, allowing the Hamilton 
species to invade central New York as the Ithaca fauna. The results of 
the writers’ studies force an entirely different interpretation. 

The confusion in the stratigraphy of eastern New York is largely the 
result of mis-identification in Schoharie Valley of middle Hamilton 
sandstone as the Sherburne formation. In this region, red and green 
beds appear at several different levels. On the west side of the valley 
and westward along Panther Creek, green, massive sandstones were 
taken to be of Oneonta age, and the fossiliferous rocks overlying these 
beds were regarded as Ithaca in age. Strangely enough, the included 
fossils were never examined critically to see if they were truly Ithaca 
species. Actually, in the vicinity of North Blenheim and along Panther 
Creek, certain non-marine beds at the top of the Skaneateles forma- 
tion,** of lower Hamilton age, were identified as Sherburne. The fos- 
siliferous rocks above this “Sherburne,” and the fossils in the Sher- 
burne, are, in reality, of Hamilton age, belonging to the Ludlowville 
and the Moscow formations. It is no wonder then that the “Eastern 
Ithaca” so strongly resembled the Hamilton of central New York and 
not the true Ithaca lying above the Hamilton. In Schoharie Valley 
the true position of the Sherburne sandstone is undoubtedly not far 
south of Prattsville, five or six miles south of Gilboa, and probably 
2000 feet higher stratigraphically than Prosser identified it. It is 
evident from these facts that the “Sherburne Bar” does not exist. 


PART II—PALEONTOLOGY 
INTRODUCTION 


Under this heading the writers, with the help of Miss Winifred 
Goldring of the New York State Museum, have described the new and 
important species of the Tully formation. It is to be regretted that 
more space and figures could not be devoted to the fossils of the Tully 
in eastern New York, which form an interesting and unfamiliar assem- 
blage. Winifred Goldring, of the New York State Museum, kindly 
described the crinoids of the West Brook member. These are an 
unusual and interesting assemblage of species having their closest affini- 
ties with the crinoids of the Hamilton group. The authorship of each 
new species is indicated after each specific name. Most of the new 
species are described by Williams, but a few of them are by Cooper 
and Williams. 


%C. S. Prosser: Classification and distribution of the Hamilton and Chemung series of central 
and eastern New York, N. Y. St. Geol., 17th Ann. Rept. (1899) p. 197-313. 
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Through the courtesy of G. Arthur Cooper, of the National Museum, 
Washington, I have had the opportunity of studying his collection of 
New York Tully crinoids. Most of the material, and all the figured 
specimens, are from the West Brook (fimbriata zone) member, West 
Brook, 3 miles south of Sherburne, New York, and was collected by 
Cooper in an exposure of shale about six feet long and two feet high. 
One species (Dolatocrinus liratus) in the collection was taken from 
Muller Brook in the northeast corner of the Pitcher Quadrangle. The 
West Brook collection has proved remarkable for the variety of forms 
occurring in such a limited area. Altogether, there are 14 different 
species belonging to 7 families and 9 genera, all camerate forms except 
three which are inadunates (Synbathocrinus, Halysiocrinus and Pariso- 
crinus [?]). The West Brook species, listed according to order and 
family, are as follows: 

Order CAMERATA W. and Sp. 

Family MELOCRINIDAE Zittel (em. W. and Sp.) 
. Dolatocrinus liratus (Hall) 

Family BATOCRINIDAE W. and Sp. 

Subfamily PERIECHOCRININAE Springer 


. Gennaeocrinus kentuckiensis (Shumard) 


. Gennaeocrinus plates cf. G. nyssa or eucharis (Hall) 


. Gennaeocrinus percarinatus Goldring n. sp. 


Megistocrinus depressus Hall 
Subfamily BATOCRININAE Springer 
6. Aorocrinus cf. formosus Goldring 
7. Aorocrinus n. sp. 
Family PLATYCRINIDAE Roemer 
8. Cyttarocrinus cf. eriensis (Hall) 
9. Cyttarocrinus sp. near jewetti Goldring 
Family HEXACRINIDAE W. and Sp. 
10. Arthracantha cooperi Goldring n. sp. 
11. Arthracantha similis Goldring n. sp. 
Order INADUNATA W. and Sp. 
Suborder LARVIFORMIA W. and Sp. 
12. Synbathocrinus expansus Goldring n. sp. 
Suborder FISTULATA W. and Sp. 


Family CREMACRINIDAE Ulrich 
13. Halysiocrinus cf. secundus (Hall) 
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Family CYATHOCRINIDAE Roemer (em. W. and Sp.) 
Subfamily CARABOCRINIDAE Springer 


14. Parisocrinus (?) pocilliformis Goldring n. sp. 


Only those forms will be described which are new or have been tenta- 
tively placed. All the material is in the United States National Mu- 
seum, Washington. 


Order CAMERATA 


Gennaeocrinus percarinatus Goldring n. sp. 
(Plate 58, figures 12 and 15) 


This is a very beautiful species of Gennaeocrinus, remarkable for the elaborate 
development of the carinae. The description is based upon proximal parts of 
two dorsal cups. 

Dorsal cup apparently very low and broadly bowl-shaped, the three basals thick- 
ened to form a projecting trilobate rim. Radials followed by 2 x 5 primibrachs 
of about the same size and very little smaller than the radials. Secundibrachs 
shown only in left posterior ray, apparently 1 x 10; cup not preserved above this. 
Primary interbrachial of about the same size as the radials, followed by two plates 
nearly as large, with three to five plates in the third range. Primary anal plate 
slightly smaller than the radials, followed by three large plates in the first row, 
five in the second, and six in the third. Number and character of arms unknown. 

The ornamentation consists of prominent ridges on the radial series and an 
elaborate and delicate pattern of thin carinae, sharply defined. Prominent nodes 
at the centers of the radials and primary anal plate are connected by one or two 
strong carinae, forming a distinct hexagonal figure. The strong carina extending 
up the redial series is thickened at the center of each plate and increases in 
prominence upward. The radials, primibrachs, primary anal, and plates of the 
interradii have less strong, but pronounced carinae running from the center of 
the plate to the middle of each face. A second and often a third carina, almost 
equally as strong, parallels the main one, and scattered or broken lines of tubercles 
are found in the angles or between the coarse and fine carinae. In the anal in- 
terradius a less prominent carina extends up the central anal series of plates. 


Remarks:—This species bears a resemblance to two other species of Gennaeo- 
crinus, G. kentuckiensis and G. carinatus. The ornamentation is a more elaborate 
development of that seen in G. carinatus, hence the name percarinatus, but the 
dorsal cup in the new species is more flattened, and there is a different arrange- 
ment of the plates in the interradii of G. kentuckiensis, being usually one, three, 
four, or five in a regular interradius and one, three, five or more in the anal 
interradius. 

G. carinatus is immediately distinguished by the petal-like thickenings or cres- 
centic ridges on the lower half of each radial and the primary anal. The dorsal 
cup in carinatus is subglobose and the ornamentation somewhat less elaborate. 
The plates in the regular interradii usually give the series one, two, three (some- 
times one, three, four); the plates in the anal interradius, one, three, four, or five. 


— 
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Aorocrinus cf. A. formosus Goldring 
(Plate 58, figure 20) 


Only a single, partially preserved and somewhat crushed dorsal cup represents 
this species. In its size, turbinate shape and ornamentation, the cup so far as 
preserved resembles A. formosus. The radiating ridges are stronger than in the 
adult form figured by the writer,~ but very similar to those shown in the younger 
specimen. The cup is not preserved above the first secundibrach; not as high as 
this in most rays. In the regular interradii the plates run one, two; and in the 
anal interradius, one, three, five. 


Aorocrinus 0. sp. 


(Plate 58, figure 16) 


Another fragment of the dorsal cup of an Aorocrinus, undoubtedly new, shows 
the basals, lower portions of the radials and primary anal and two primary inter- 
brachials. 

Judging from the portion preserved, the dorsal cup must be remarkably low and 
broad. Base nearly flat, including lower portions of the radials and primary anal. 
Basals small and inconspicuous, extending beyond the column in a trilobate rim. 
Radials and primary anal plate proportionately large and interradii comparatively 
insignificant. 

Ornamentation of radiating ridges very conspicuous and quite distinctive; 
strong ridges radiating between centers of radials and primary anal and between 
these and the basals; strongly developed but less conspicuous radiating ridges on 
primary interbrachials, only two of which are preserved. 


Remarks:—The low and broad dorsal cup with much flattened base and the 
strong ornamentation are distinctive, but there is too little preserved to justify 
naming the species. It somewhat resembles A. armatus in the character of the 
dorsal cup, but the latter has a less flattened base, smaller basals, and less striking 
ornamentation. 


Cyttarocrinus of C. ertensis (Hall) 
(Plate 58, figures 3 and 4) 


This species, described by Hall from a single specimen as Platycrinus eriensis, 
was made the genotype of the new genus Cyttarocrinus by the writer.* Among 
the Tully crinoids are two specimens, casts of the basals only and a dorsal cup, 
which belong to this genus and as far as can be determined to the same species 
as the genotype. 

Both specimens are somewhat smaller than the type and probably represent 
younger forms. The dorsal cup is bowl-shaped, with a height of 2.5 millimeters 
and a breadth at the arm bases of approximately 3.1 millimeters. The basal 
cup is low and broadly expanding. In the specimen showing only the basal cup 
(8 millimeter high), the sutures are distinct, showing the basals fused to three 

% Winifred Goldring: The Devonian crinoids of the State of New York, N. Y. St. Mus., 


Mem. 16 (1923) p. 592, pl. 35, figs. 5, 6, and 7. 
3 Op. cit., p. 268, pl. 36, figs. 1 and 2. 
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elements, two large and hexagonal, the smaller one pentagonal. The radials are 
spade-shaped; width at top in one, 1.8 millimeter; at base, 1.5 millimeter; height 
to facet, approximately 1.9 millimeter. 


Cyttarocrinus sp. near jewetti Goldring 


Three specimens, molds of a complete and a broken basal cup and a mold and 
cast of another partial basal cup, represent another species belonging to the genus 
Cyttarocrinus. The basal cup, as in jewettt, is conical, broadly expanding near 
the top, and the sutures between the three original basals are distinct. In the 
complete basal cup the basals have a height of 3.3 millimeters. 

In size and shape there is nothing to distinguish these specimens from C. jewetti, 
yet because so little of the dorsal cup is preserved they can only tentatively ‘be 
referred to this species. 


Arthracantha cooperi Goldring n. sp. 
(Plate 58, figures 6, 13, 19) 


This form is represented by portions of two basal cups and part of a dorsal cup 
showing parts of two basals, a complete radial, part of another and an anal (?), 
the bases of the arms of two rays and parts of three interradii. A third, nearly 
complete basal cup is also referred here. 


Arthracantha cooperi is a large form surpassed in size only by A. splendens from 
the lower Chemung beds of New York. Dorsal cup subturbinate, expanding in 
a smooth even curve to a level about three fourths the height of the radials. 
Above this level, cup constricts to the level of radial facet, resembling A. splendens 
in this character but with less prominent shoulder. 

Dorsal cup with height to the radial facet of 26.8 millimeters; may be some- 
what flattened. Basals large and of practically uniform size, with distinct sutures, 
represented by depressed lines. Cup formed by the basals, broadly conical. In 
one of the basal cups one basal has a height of 11.6 millimeters; in another, 12 
millimeters; in the most completely preserved specimen a height of 13 millimeters 
and a greatest breadth of approximately 18.4 millimeters. 

Radials somewhat spade-shaped, only slightly wider than high, with greatest 
breadth at the shoulders. Entire radial gives the following measurements: width 
at base, 11 millimeters; height, 15 millimeters; greatest breadth, 15.5 millimeters. 
Radial facet almost straight, 7 millimeters wide. Radials notched interradially 
for the reception of the interradial tegminal plates. 

Interradial plates shown well only in one interradius, which is distinctly pro- 
tuberant. A fairly large rhomboidal plate rests upon the shoulders of the adjoin- 
ing radials, followed by two large plates each abutting laterally on a portion of 
the radial shoulder, the first primibrachs, and part of the primaxil. Laterally 
on their shoulder each of these large plates bears a small plate which abuts on the 
primaxil and first secundibrach. In the following tier are two fairly large central 
plates and on each side a smaller plate abutting on the second secundibrach and 
followed by several small interambulacrals. A second interradius, only partially 
preserved, indicates that there might be several plates in the first row, the lateral 
ones large, resting on about half of the radial shoulder and bordering on the 
primibrachs and first secundibrach. This probably is the posterior interradius, 
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making the only completely preserved radial the right posterior one. This radial 
is also heptagonal, instead of hexagonal, to accommodate the extra interradial 
plates. 

Primibrachs two, more than three times as wide as long. Primaxil sharply 
angular above, with slightly concave upper faces. Arms apparently free beyond 
the third secundibrach and becoming bi-serial above the fourth, at the limit of 
preservation. Column not preserved; about 5 millimeters in diameter in the 
largest specimen, comparatively small and apparently composed of short ossicles; 
4.7 millimeters in diameter in one of the smaller basal cups. 

The ornamentation, together with the size, makes this a rather handsome 
species. A low ridge extends from the basals along the median line of each radial 
and the anal up onto the primibrachs, making the radial below the facet quite 
prominent. Primibrachs and secundibrachs strikingly rugose; radials just beneath 
the radial facet and the interradial area distinctly granulo-rugose. This character 
less clearly shown on the basals. Pitted tubercles of relatively small size scattered 
over the cup, much fewer on the basals, on the radials most abundant along the 
low ridge and on each side of it. 


Remarks :—Next to A. splendens this is the most striking species of Arthracantha. 
From splendens it is distinguished by the shape of the cup, primibrachs, interradial 
plates, and character of ornamentation: fewer tubercles and rugosity. The sloping 
shoulders resemble A. granosa, which is coarsely tuberculate on both radials and 
basals, has a projecting horseshoe-shaped radial facet and a different arrangement 
of the interradial plates. In the basal cup tentatively referred to coopert, the 
tubercles, while fewer, are on the whole as large as the largest on the radials. 

The name is given in honor of the collector, G. Arthur Cooper. 


Arthracantha similis Goldring n. sp. 
(Plate 58, figure 18) 


This species is based upon a partial dorsal cup and its cast, showing three arm 
bases, two interradii, and a portion of the column. 

Dorsal cup, 22 millimeters high to the radial facet and 23 millimeters to the 
top of the shoulder, expanding with a gradual curve and with no constriction at 
the arm bases. Width of cup at arm bases, approximately 29 millimeters. Basal 
cup broadly conical; height of basals, 11.4 millimeters; width, not accurately 
determinable as only one section is well shown, approximately 18.5 millimeters. 
Radials almost square, of practically the same width (14 millimeters) at top and 
bottom; a height to the radial facet of approximately 13 millimeters; to the 
shoulder at the highest point, 14 millimeters. Radial facet strongly curved, pro- 
jecting outward slightly; width, 8 millimeters or more than half the width of the 
radial. 

Interradial plates shown in two interradii in both the mold and the cast. First 
interradial large, abutting laterally against the first primibrach, primaxil, and the 
lower part of the first secundibrach and bearing on each of its long concave 
sloping shoulders a single plate which laterally abuts against the first secundi- 
brach. Above this, plates not preserved. 

First primibrach about four times as wide as high; primaxil of the same height 
in median line, otherwise half as high. Arms incorporated as far as the third 
secundibrach, where they become bi-serial. 
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Column, approximately 6 millimeters in diameter, composed of thin columnals. 

Dorsal cup ornamented with fairly large pittted tubercles, scattered over the 
surface with no particular arrangement. Tubercles quite numerous on the radials, 
average 25 to 30; considerably fewer on the basals. Interradials and radial areas 
just beneath, distinctly granulose. Primibrachs and secundibrachs, granulose; 
on the primibrach granules in more or less horizontal lines, bead-like. 


Remarks:—Arthracantha similis at first glance strongly resembles A. granosa 
from the Portage and Lower Chemung beds, hence the name. It differs in the 
shape of the cup, the smaller and more numerous tubercles, the shorter primi- 
brachs, and the relation of the interradials to the primibrachs and secundibrachs. 
This is a comparatively large species, somewhat larger than granosa and next to 
cooperi in size. 


Order INADUNATA 


Synbathocrinus exrpansus Goldring n. sp. 
(Plate 58, figure 8) 


In character of cup this form resembles S. sulcatus from the Onondaga. There 
are three molds of dorsal cups, one complete, the other only partially preserved. 
Dorsal cup broadly conical, flaring, hence the name. Basals, three, unequal, 
extending well beyond the column, best shown in the complete dorsal cup where 
they are approximately 9 millimeter in height. Radials widely flaring from 
bottom to top and curving slightly outward. Height in one radial, 2.3 millimeters; 
width at base, 1.4 millimeter; width at top, 3.8 millimeters. Suture lines distinct, 
represented by depressed lines. Arm facets straight, occupying the entire width 
of the radials: Running along the median line of each radial is a low ridge, giving 
a slightly depressed appearance in the area of the sutures, and a slightly pentagonal 
cross-section to the cup. 


Remarks:—The broadly conical cup, low radial ridges, and the rapidly flaring 
radials make this form readily recognizable. The character of the radials dis- 
tinguish this form from the Onondaga species, S. sulcatus, a smaller form which 
of all species, it most resembles. 


Halysiocrinus cf. H. secundus (Hall) 
(Plate 59, figure 27) 


Two specimens, with their counterparts, represent this species. One shows the 
anterior and left posterior radials meeting between the two halves of the left 
antero-lateral; the other a separate anterior radial. These species represent larger 
forms than the type of H. secundus, but otherwise there is nothing to distinguish 
them from that species. 


Parisocrinus (?) pocilliformis Goldring n. sp. 
(Plate 58, figures 5, 6, and 7) 


Only the dorsal cup and the arm bases are shown in a single specimen. 

Dorsal cup, cup-shaped, wider than high, slightly constricted above the arm 
bases, due to the darials curving inward in their upper portions. Height, 7.3 
millimeters; greatest width, 8.8 millimeters. Infrabasal ring, low; height, 1.2 milli- 
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meters. Basals large, hexagonal, except the posterior and right postero-lateral, 
which are heptagonal and noticeably larger than the others. Right anterior basal 
with a height of 4.6 millimeters and greatest width of 4.7 millimeters; posterior 
basal, 4 millimeters high; 5 millimeters wide; right postero-lateral basal, 4 milli- 
meters high and 7 millimeters wide. Radials smaller than basals, wider than 
high; height 2.7 millimeters (right posterior) to 3.7 millimeters (left posterior), 
with an average of 3 millimeters; width at facet averages 4 millimeters (left pos- 
terior, 4.7 millimeters; right antero-lateral 4.4 millimeters). Radials curve inward 
above the radial facets. Radial facets strongly curved, half or less the width of 
the radial, and not centrally located. Only arm bases shown; arms apparently 
slender. 

Two anal plates in cup, anal and radianal, which are followed by three tube 
plates. Anal large, hexagonal; height, 3 millimeters; width, 4.3 millimeters; 
followed by the middle tube plate and bordered on the right by the radianal 
below and the right tube plate above. Radianal fairly large, smaller than the 
anal plate, resting below upon the shoulders of the posterior and right postero- 
lateral basal and bordered on the left by the anal plate, on the right by the 
right posterior radial, above by two tube plates. 

Column round, 5 millimeters in diameter; axial canal large (2.3 millimeters in 
diameter) and slightly pentalobate. 


Remarks:—This species has been referred with a query to Parisocrinus, because 
of the incompleteness of the single specimen. In character of the dorsal cup, 
arrangement of anal plates, and indicated character of the arms the species may 
well belong in that genus. 


CORALS 


Lopholasma tullium J. 8. Williams, n. sp. 
(Plate 58, figures 1, 2, 5, 9) 


Corallum small, conical, straight or slightly curved. Exterior marked with 
low, gently rounded, longitudinal costae and fine concentric lines, which are irreg- 
ularly crowded and fasciculate. Corallum slightly rugose. Epitheca moderately 
thick. Septa strong, and about twenty in number, joined proximally in a com- 
paratively thick pseudocolumella, which extends about two thirds the length of 
the corallum. Calyx deep. Carinae well developed, tabulae and dissepiments 
few. 

Dimensions of the specimen (cotype) figured on Plate 58, figure 9: 


Millimeters 
Width (at top of calyx—crushed).................. 10 


Remarks:—This species resembles L. carinatum Simpson, but may be readily 
distinguished therefrom by its smaller size, fewer tabulae, fewer carinae on the 
septa, and lesser development of dissepiments. 

L. tullium characterizes the upper, less fossiliferous beds (Lopholasma Zone) 


of the West Brook member from Skaneateles Lake to Chenango Valley. In 
these beds of massive, fine-grained, blue-black, shaly limestone, weathering to 
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an ash gray, fossils are extremely rare except for fragments of the trilobites 
Phacops rana and Asteropyge boothi calliteles, and L. tullium. These are com- 
mon, however, and constitute a faunule which readily distinguishes the upper- 
most beds of the formation from the very fossiliferous beds of the fimbriata zone, 
which occur lower in the West Brook member. The species is also common in the 
fimbriata zone, but is unknown in the Apulia member. 


Horizon and localities:—In the West Brook member (Lopholasma Zone), 
particularly at Junes Quarry, 1144 miles east of Tully; Tinkers Falls; Spicers Gulf, 
one mile west of Cuyler; Muller Creek, northeast corner of Pitcher Quadrangle; 
West Brook, 3 miles south of Sherburne; and Werners Gully, one mile east of 
Georgetown, New York. 


BRACHIOPODA 


Chonetes aurora (Hall) 
(Plate 57, figures 2, 5, 6, 7, and 9) 


Shell small, concavo- to plano-convex, subquadrate to subsemicircular in outline, 
multicostate, rectimarginate; lateral margins perpendicular to the hinge line for 
about half the length of the shell, or slightly contracted just anterior to the 
cardinal extremities; antero-lateral margins rounded, anterior margin gently 
curved or straight; ratio of width to length about 1:4; width in average specimens 
from 4 to 7 millimeters. Posterior margin set with six spines which extend 
posteriorly and laterally. Radial ornamentation low, rounded plications which 
increase by implantation and bifurcation from 12 to 16 about the beak to double 
that number at the margin and become obsolete toward the cardinal angles; 
concentric ornamentation strong, irregularly undulating, plications which are often 
abruptly offset, discontinued, bifurcated or implanted, stronger than the radial 
ornamentation, and stronger on the ventral valve than on the dorsal. 

Ventral valve moderately convex, full in the umbonal region and flattened in 
the postero-lateral areas, the beak rising from the hinge line; interarea short, 
apsacline; delthyrium twice as wide as long. 

Dorsal valve gently concave or flat, the greatest concavity anterior to the 
middle, the postero-lateral areas flattened to the cardinal margin. 

Ventral interior—median septum one-third the length of the valve; diductor 
scars large, flabellate, two-thirds the length of the valve; shell greatly thickened 
about the muscle scars so that on an internal mold the umbonal area rises 
abruptly from a flattened marginal area; surface outside the muscle scars 
irregularly papillose. 

Dorsal interior—central area bounded by heavy, rounded ridge which diverges 
widely from the base of the cardinal process; median septum low, rounded, 
thinned between and separating the semi-ovate muscle scars; two independent 
septa diverge slightly from the anterior ends of the muscle scars to the bounding 
ridge; surface papillose, with papillae aligned on the internal crests of the 
radial plications. 

Remarks:—Chonetes aurora is perhaps as characteristic of the Apulia and 


Laurens members as Hypothyridina venustula, which has always been regarded 
as the guide fossil par excellence of the formation. West of Chenango Valley 
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its occurrence in great numbers characterizes the Tinkers Falls member, but it 
continues into the Apulia member above, and is everywhere found with H. venus- 
tula. It does not continue into the West Brook member, however. In the 
eastern localities it is not entirely co-extensive with H. venustula, but was found 
with it in the section on the south branch of Stony Creek, 1% miles east of 
New Lisbon, and in Houghtalings Glen, 1%4 miles northeast of Laurens, in the 
Laurens member. 


Chonetes aurora is readily recognized by its peculiar, strong, concentric orna- 
mentation, which is particularly conspicuous on the marginal portions of the 
valves. 


Horizon and localities :—Abundant at all localities of the Tinkers Falls member, 
and common or present in most localities of the Apulia member; present in the 
Laurens member. 


Chonetes fillicostatus J. S. Williams, n. sp. 


(Plate 57, figure 11; Plate 58, figures 14 and 17) 


Shell small concavo- to plano-convex, subrectangular to subsemielliptical in 
outline, multicostellate, rectimarginate; cardinal angles nearly right angles or 
the extremities may be gently rounded; greatest width anterior to the cardinal 
line about one-third the length; dimensions (width-length) of a small specimen, 
8—4 millimeters; of a large specimen, 12—8. Posterior margin provided with 
six spines, which extend posteriorly and laterally. Surface ornamentation 
crowded, irregular, filliform, radial costellae which increase in number by implan- 
tation and bifurication, crossed by comparatively strong, irregular, concentric 
filae which crenulate the costellae. 

Ventral valve gently convex; umbo low, beak pointed and not projecting 
beyond the posterior margin; interarea short, apsacline. 

Dorsal valve flat or gently concave with the greatest concavity anterior to the 
middle. 

Ventral interior—median septum about one-third the length of the valve; 
thickened, diverging ridges bound the area of muscular attachment posteriorly. 

Dorsal interior—dental sockets deep, bounded anteriorly and medially by 
strong discrete ridges, which diverge widely and half way to the margin curve 
anteriorly, continuing to a nearly indistinct ridge, which closes across the front 
to bound the central area; adductor muscle scars elongate, ovate, and separated 
by a median septum; low, short ridges diverge anteriorly from the proximal 
edges of the strong ridges to bound the adductor scars posteriorly. 


Remarks:—Chonetes filisostatus occurs with C. aurora and C. fleruosus J. 8. 
Williams n. sp. in the limestone and calcareous shales of the Tinkers Falls 
member but is rare. Both the radial and the concentric markings in the orna- 
mentation of C. filicostatus are finer, and it is a larger, more transverse shell 
than the other two species with which it occurs. 

Localities:—Arab Hill ravine at the north end of Deruyter reservoir; 114 miles 
northwest of Deruyter; Werners Glen, one mile northeast of Georgetown; Spicers 
Gulf, one mile west of Cuyler; and 2% miles south of Fabius. 


} 
; 
| 
i 
| 
4 
: 
{ 
j : 
} 
iy 


840 G. A. COOPER, J. S. WILLIAMS-—TULLY FORMATION OF NEW YORK 


Chonetes fleruosus J. 8. Williams, n. sp. 
(Plate 58, figures 10 and 11) 


Externally like Chonetes aurora but uniplicate, with a wide, gentle, rapidly 
expanding sulcus extending half the length of the shell. 


Remarks:—Chonetes fleruosus occurs with C’. aurora one mile west of Moravia, 
at Tinkers Falls, Spicers Gulf, and at Junes Quarry, one mile northeast of Tully. 
Nowhere was it found in the abundance of the unplicated Chonetes aurora. It 
is fairly common at Junes Quarry. Specimens of C.. aurora and C. flexuosus vary 
considerably from one another in proportions (width-length), in coarseness of 
ornamentation, and in convexity of the ventral valve. The typical specimen of 
C. aurora tends to a subquadrate outline with a ratio of width to length of 
about 1:4, has coarser ornamentation, and a more convex ventral valve. On 
the other hand, the typical specimen of C. fleruosus is more transverse, with a 
ratio of width to length of about 1 : 6, has slightly finer ornamentation, and the 
ventral valve is more gently convex. 


Leptostrophia acutiradiata J. S. Williams, n. sp. 
(Plate 59, figures 10, 11, 14, 15, and 19) 


Shell of medium size, subquadrate to subsemicircular. Width about 13 times 
the length, with the greatest width at the hinge-line. Cardinal extremities acute 
but not mucronate; lateral margins nearly straight for about half the length 
of the shell; anterior margin regularly curved. Surface multicostellate, with 
strong, subequal, subangular costellae, increasing by implantation approximately 
threefold toward the margin. On a ventral valve 21 millimeters long there are 
17 costellae in the space of 5 millimeters. 

Ventral valve gently convex, slightly flattened toward the cardinal angles, and 
with the anterior margin rather abruptly bending to the commissure. Beak small, 
pointed, and barely rising above the hinge-line. Interarea short and about 60 
degrees apsacline. Dorsal valve gently concave, rising abruptly posteriorly into 
a straight cardinal margin. Interarea short and about 30 degrees hypercline. 

Ventral interior—flabellate diductor scar large, occupying half of the interior 
and extending four-fifths of the length to the anterior margin. 

Dorsal interior—as in L. perplana Conrad. 


Dimensions: 
Length Width 
(millimeters) (millimeters) 
Ventral valve (PI. 59, fig. 11)................. 15 17 
Ventral valve (PI. 59, fig. 15)................ 19 26 
Dorsal valve (Pl. 59, fig. 19)................. 19 28 


Remarks :—This species has a coarser ornamentation than is usual in members 
of this genus. 


Horizon and localities:—Upper Laurens member, one mile northeast of Lau- 
rens; 1% miles south of Milford Center. 
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Hypothyridina venustula (Hall) 
(Plate 57, figures 8, 13, 15, 17, 19, and 20) 


1867. Rhynchonella venustula Hall, Pal. N. Y., vol. 4, p. 346. 
1897. R. (Hypothyris) venustula Prosser, N. Y. St. Geol., 15th Ann. Rept. for 
1895, p. 183, 184. 

The writers took particular care in their field work to collect as wide a repre- 
sentation of specimens of Hypothyridina as possible in the time available. As 
a result, they have secured many hundred specimens, representing the geographic 
range of the species across the state of New York. Close study of these speci- 
mens has brought to light some interesting facts, but the collection proved 
utterly inadequate to form a basis for specific separations. However, certain 
end products of the variation observed are here given varietal names. The 
writers were unable to detect important and persistent variations in outline. 
The most useful character proved to be the costation of the tongue and sulcus 
of the ventral valve, which is very variable in shells having the same profiles. 

In defining the species H. venustula, Hall stated that the sulcus of the adult 
shell contained from six to eight costae, and it is to this type of shell that 
the writers would restrict the name venustula. In the collections of the National 
Museum there are specimens of the Tully Hypothyridina with only three costae 
on the tongue, but this number increases in others to fourteen. Specimens are 
represented having a number of costae on the tongue, completing the entire range 
of numbers between three and fourteen. Therefore, since the writers were unable 
to define any constant characters, other than the general physiognomy of the 
shell, the specific range of costae on the tongue is placed at three to fourteen. 

In exposures of the Apulia member 2% miles south of the village of Fabius 
there is an unusually robust variety of H. venustula characterized by three to 
six costae on the tongue. As would be expected these costae are large, but their 
small number leads to a very narrow tongue and a consequent drawing of the 
antero-median angles of the shell toward the mid-line. This permits most of 
the side or flanks of the shell to be seen when it is viewed from the front. This 
variety, which is here designated H. venustula robusta Cooper and Williams, 
n. var., also has an unusually strong development of the pallial markings of the 
ventral valve (PI. 57, fig. 19). Pallial markings are rarely visible on the dorsal 
valve. The specimens figured by Hall on plate 54A, figures 34-39 are of this 
variety, which is most abundant at Tinkers Falls, Fabius, Cuyler, and vicinity. 

The variety at the other end of the series is here designated as H. venustula 
multicostata Cooper and Williams, n. var. It has an exceedingly wide tongue, 
bearing from nine to fourteen costae. Some specimens of this variety present 
a very close resemblance to H. emmonsi (Hall and Whitfield), but they are 
not so wide, and the tongue of H. emmonsi is proportionately narrower than that 
of H. venustula multicostata (Pl. 57, figs. 17, 18, 20, 21). 

In the Laurens member the variation in number of costae on the tongue of 
Hypothyridina is from five to eight. This is approximately in the range of 
H. venustula sensu stricto, but the specimens usually differ in having a pro- 
nounced development of the pallial markings. The shell is commonly very thick 
and the ventral muscular field deeply impressed. 
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“Spirifer” anchiasper J. S. Williams, n. sp. 
(Plate 59, figures 1, 2, 5, 7, 28) 


Shell of medium size, spiriferoid, hemiconical, uniplicate, costate, subsemi- 
ovate in transverse outline with the cardinal extremities slightly mucronate and 
the anterior margin uniformly curved. Costae thirteen on each side of the fold 
and sulcus. Growth lines fairly coarse, subequal, lamellose. In addition, the 
surface bears fairly large, irregularly scattered pustules with a density of about 
seven per square millimeter. These pustules are sufficiently large to make the 
surfaces of the costae irregular and wavy. 

Ventral valve hemiconical; interarea wide, triangular, flat or slightly curved, 
catacline or strongly anacline; beak small, erect, rising slightly above the inter- 
area; lateral slopes gently convex, sloping uniformly to the anterior margin and 
with a slight flattening at the cardinal extremities; sulcus shallow, flat across 
the bottom, widening uniformly from the beak and extending over the anterior 
margin; costae bounding the sulcus not accentuated. 

Dorsal valve moderately convex with the greatest convexity anterior to the 
middle and tending to flatness at the cardinal extremities; beak small, incurved; 
fold increasing in width uniformly toward the margin, flattened across the top, 
its lateral profile curving more abruptly from the beak and more gently in the 
anterior half; furrows bounding the fold accentuated. Interior unknown except 
for an apical callosity which occupies half the delthyrium. 

Dimensions of holotype: length, 10 millimeters; width at hinge, 21 millimeters. 


Remarks:—“Spirifer” anchiasper differs from “S.” asper Hall in having fewer 
costae, and larger and more scattered pustules. 


Locality and horizon:—One complete specimen and one ventral valve, from the 
West Brook (fimbriata zone) member on the headwaters of Otselic Creek, 2% 
miles northwest of Georgetown, and in the Arab Hill Ravine on the west side 
of Deruyter Reservoir at the north end, Cazenovia Quadrangle. 


“Spirifer’ pauliformis J. S. Williams, n. sp. 
(Plate 59, figures 3, 4, 5, and 29) 


Shell small, gibbous, spiriferoid, unequally biconvex, costate, strongly unipli- 
cate, and subsemielliptical in outline; nearly twice as wide as long. Greatest 
width at the hinge-line, with the cardinal extremities acute but not mucronate; 
the antero-lateral margins straight or gently convex. There are six to nine 
costae on each side of the fold and sulcus. Surface marked by sharp, imbricating, 
zigzag lines, uniformly spaced, each interspace with four or five filae. 

Ventral valve—deep, subhemiconical. Interarea wide, equal in width to about 
one-third the width of the valve, concave, nearly flat at the cardinal line but 
curving abruptly upward under the beak. Delthyrium moderately large, nearly 
equal in width and height. Beak small, erect, pointed, slightly inturned over 
the interarea; apical angle about 125 degrees. Lateral slopes gently convex, 
slightly flattened at the cardinal extremities. Sulcus deep, angular or subangular, 
produced across the anterior margin. Costae bounding the sulcus accentuated. 

Dorsal valve—moderately convex with the greatest fullness in the middle, 
slightly flattened at the cardinal extremities. Beak low, inconspicuous, slightly 
incurved over the cardinal line. Fold strong, steep-sided, raised above the 
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general surface of the valve, widened uniformly toward the anterior margin or 
more rapidly in the anterior half; its top is rounded, flattened or slightly indented 
by a shallow furrow. 

Ventral interior—median septum strong, extending one-fourth to one-third the 
length of the valve. Dental lamellae strong and about half as long as the 
septum. 

Dorsal interior—median septum low, extending one-half the length of the valve. 

Dimensions of holotype: width, 16 millimeters; length, 12 millimeters. 


Remarks:—This species resembles “Spirifer” consobrinus D’Orbigny but is 
distinguished from it by the greater uniformity of the concentric surface markings 
and in its size and proportions. “Spirifer” pauliformis averages about one-half 
the size of “S.” consobrinus and is more transverse. 


Horizon and localities:—In the fimbriata zone of the West Brook member at 
all the localities visited. 


Charionella ovata J. S. Williams, n. sp. 
(Plate 59, figures 18, 22, 26) 


Shell meristelloid, large, smooth, sub-ovate in outline, gently uniplicate. Beak 
strongly incurved and overhanging the dorsal valve. Shell-substance impunctate. 

Ventral interior—delthyrium wide, delthyrial cavity deep; dental lamellae 
converging anteriorly and toward the floor of the valve. Diductor scars elongate, 
subtriangular, undefined anteriorly but bounded posteriorly, in old shells, by a 
heavy deposit of extra shell substance forming two short diverging ridges bounding 
the muscular area and burying the ends of the dental lamellae. 

Dorsal interior—crural bases thick, rounded, moderately widely diverging, sup- 
ported by well developed lamellae which are united under the beak by a heavy 
callus. Sockets deep, elongate. Socket plates thick, concave. Area of diductor 
muscular attachment on the callus comprising a small ovate pit with two small, 
reniform scars divided by a low ridge surrounded anteriorly by a subtriangular 
radially striated skirt, concentrically wrinkled and divided medially by a slightly 
depressed trough extending from the pit to the anterior margin of the callus. 
Adductor muscular area narrow, elongate, lanceolate, extending two-thirds the 
length of the valve and divided by a low median ridge. Posterior adductor scars 
very narrow, elongate and subtriangular, widely separated; surrounded, except 
on the postero-lateral margins, by the larger anterior adductor scars of the .ame 
shape. 

Dimensions:—Ventral valve, width, 21 millimeters; length, 22 millimeters; 
dorsal valve, width, 28 millimeters; length, 27 millimeters. 


Remarks:—Shells belonging to the genus Charionella are probably much com- 
moner than is realized. The ventral valve of Charionella is very difficult to dis- 
tinguish from Meristella, but the dorsal valve is strikingly different. In Chario- 
nella the median septum of Meristella is replaced by two subparallel lamellae 
supporting the crural bases, and the musculature is different. 


Horizon and locality:—In the West Brook (fimbriata zone) at West Brook, 
3 miles south of Sherburne; in the quarry 1% miles southeast of Borodino (John 
Wells Collection) ; at Muller Creek, northeast corner of the Pitcher Quadrangle. 
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Echinocoelia Cooper and Williams, n. gen. 


Shell small, inequivalve, the ventral valve being the larger. Lateral profile 
unequally biconvex. Interarea long, apsacline, defined by low beak ridges. Del- 
thyrium narrow, closed at the apex by a thick callosity. Surface marked by con- 
centric undulations each bearing a single row of fine short, simple spines. 

Ventral interior—dental plates vestigial, appearing as narrow ridges along the 
delthyrial margins; delthyrial cavity mostly filled by callus. Muscles attached 
to the floor of the valve in a wide pit in front of the apical callosity. Between 
the muscle scars are two low, parallel ridges situated very close together. 

Dorsal interior—notothyrial cavity shallow; cardinal process stout, myophore 
bilobed, shaft continuous with the median ridge. Sockets deep. Crural bases 
attached to the side and floor of the valve at the posterior of the shell. Spire 
loosely coiled with about five turns. 

Genotype :—Echinocoelia ambocoelioides Cooper and Williams, n. sp. 

Species of Echinocoelia have been commonly misidentified as Ambocoelia prae- 
umbona, A. umbonata, “Spirifer’ subumbonus, and Reticularia. From all these, 
however, there are important differences. The new genus is most closely related 
to Ambocoelia but differs in its strong concentric ornamentation and spiny surface 
which is more suggestive of Reticularia. Internally there are differences between 
the two genera. Inside the dorsal valve of Ambocoelia there is scarcely any 
development of a median ridge at the posterior of the shell, but this is a prominent 
feature of Echinocoelia. In the latter the dorsal muscle scars are located posterior 
to the middle, but in Ambocoelia the same scars are situated near the front of 
the valve. The ventral valve of Ambocoelia differs from that of Echinocoelia 
in not possessing as long an interarea and in having a much more incurved beak. 
The ventral musculature of the two genera is very similar. The exterior of 
Ambocoelia is smooth or with fine scattered spines, but no species with strong, 
concentric ornamentation and concentric rows of spines, such as those of Echino- 
coelia, are known to the writers. 


Echinocoelia differs from Crurithyris George in ornamentation and in the 
possession of a lobate cardinal process. Echinocoelia is undoubtedly related to 
Ambocoelia and may have been derived from that genus. 


Echinocoelia ambocoelioides Cooper and Williams, n. sp. 
(Plate 59, figures 9, 13, 17, 21, and 23) 


Appearance similar to that of Ambocoelia; unequally biconvex, the ventral 
valve having the greater depth and convexity. Cardinal extremities rounded. 
Lateral margins gently convex, anterior margin strongly and evenly rounded. 
Surface marked by strong, even, concentric wrinkles, each bearing a row of fine, 
single-barreled spines. 

Ventral valve varying in outline from subpentagonal in young specimens to 
oval in old individuals. In lateral profile the ventral valve is moderately convex 
with the greatest curvature at the umbo. In anterior profile the valve is strongly 
rounded. The beak is pointed and incurved. Delthyrium narrow, partially closed 
by a thick callus. 

Dorsal valve subtrapezoidal in outline, with very gently convex profiles. 


Locality and horizon:—Rare in the Apulia member at Spicers Gulf, Cuyler, 
Tinkers Falls, and Tully. Common in the second Hypothyridina bed on Stony 
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Creek, 1%4 miles east of New Lisbon. Abundant in the upper part of the Laurens 
member in the ravine one mile northeast of Laurens; rare in the same member 
in the glen 114 miles east of Pittsfield. 

Specimens of E. ambocoelioides have been collected from supposed Tully in 


13 


17 16 
Ficure 5.—Serial sections of Echi Li bocoelioid 


Showing internal characters, ca.x 2. j 


the Hollidaysburg Quadrangle one-third of a mile south of Cove Station and 
one mile south of Claysburg, Pennsylvania. 


Echinocoelia incurva Cooper and Williams, n. sp. 
(Plate 59, figures 20, 24, and 25) 


This species differs from the preceding in its more pentagonal outline, more 
closely spaced concentric ornamentation, longer interarea, and the presence of 
a strongly convex apical callosity. This species was found in the lower part of 
the Mottville member of the Hamilton group, in Bear Mountain Ravine, Onon- 
daga Valley, New York. It is introduced for comparison with the Tully species. 


Centronella gilboa Cooper and Williams, n. sp. 
(Plate 59, figure 16; Plate 60, figure 11) 


Shell small for the genus, oval in outline, surface smooth. Ventral valve 
strongly convex in anterior profile but very gently convex in lateral profile. The 
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greatest convexity is in the median region from which the sides slope rapidly 
and with gentle convexity to the lateral margins. The anterior margin is rounded 
in front. The beak is slender, incurved; the foramen small. 

The dorsal valve is nearly flat on the sides but is gently concave in anterior 
profile. At the front is a short, shallow sulcus which causes the anterior margin 
to bend ventrally to fit the ventral curve of the anterior margin of the ventral 
valve. The beak is obtuse and the lateral margins broadly rounded. 

Internally the ventral muscular area is long and slender and deeply impressed 
in the shell substance. The muscle field extends to the middle of the valve, and 
the anterior ends of the diductors are separated by a low ridge. In the dorsal 
valve the crural bases are heavy and short. The adductor field is narrow and 
short. 

Horizon and locality:—At several levels in the Gilboa formation: quarry in 
Summit Hill, one mile north of Summit; on the road one mile due west of 
Conesville; and at the Intake Building, 3 miles south of Gilboa. 


Centronella lisbonensis Cooper and Williams, n. sp. 
(Plate 60, figures 4 and 5) 


In the West Brook member (fimbriata zone) at the exposures east of New 
Lisbon is a rather large Centronella, suggesting C. impressa of the Hamilton but 
differing in being smaller in size, shorter, and more carinate. The greatest width 
of the shell is a little posterior to the middle, where the lateral margins are 
rather abruptly rounded. The front margin is bluntly pointed. In lateral profile 
the ventral valve is gently convex. 

In lateral profile the dorsal valve is gently convex, but in anterior profile it is 
slightly concave, having much less concavity than the corresponding valve of 
C. impressa. The dorsal muscle field is narrow and elongate, extending anterior 
to the middle of the valve. 

Locality and horizon:—Lower part of the fimbriata zone, 1% miles east of New 
Lisbon. 

Remarks:—The specimens upon which this species is based are internal and 
external molds, which differ considerably in shape and profile owing to the 
thickness of the animal’s shell. This thickness is shown by the difference between 
the concavity of the exterior and interior of the dorsal valve. The exterior is 
very gently concave in anterior view, but the internal impression is rather deeply 


concave. 
Rhipidothyris Cooper and Williams, n. gen. 


Shell rather small in size, subcircular to oval in outline. Lateral profile sub- 
equally biconvex. Beak incurved, foramen sub-mesothyrid. Surface strongly 
folded by prominent costae. 

Ventral interior—dental plates strong and long. In old shells there is a low 
median ridge extending for nearly half the length of the area bounded by the 
dental plates. Muscular impressions not observed. 

Dorsal interior—similar to Girtyella with a deeply concave, imperforate hinge- 
plate supported by a strong median septum extending nearly half the length of 
the valve. Sockets deep, socket plates strongly developed. Loop like that of 
Cryptonella (?). 
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Genotype :—Rhipidothyris plicata Cooper and Williams, n. sp. 


Remarks:—Since some of the material on which this genus is based was col- 
lected at an horizon approximately on the strike of the Vitulina bed of the upper 
Hamilton, it was suspected that this genus might be Derbyina or Brasilia, which 
occur with Vitulina in South America. These two austral genera, however, do 
not possess a strong median septum. 

The dorsal interior of Rhipidothyris is most like Girtyella of known genera but 
differs from that genus in its exterior and probably longer loop. 


wy 
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Ficure 6.—Serial sections of the posterior of Rhipidothyris plicata 


Showing the dorsal internal structure, ca.x 8. 


Stratigraphically Rhipidothyris has a known vertical range of nearly one thou- 
sand feet. It was found in the upper part of the Ludlowville on the east side of 
Schoharie Valley at several localities. The species occurs again in the uppermost 
Hamilton about two miles northeast of South Gilboa at about the position of 
the Vitulina bed of the upper Hamilton. On the Manorkill the genus occurs at 
this horizon and about 80 feet higher in beds near the base of the Gilboa. So 
far as known it does not occur west of South Gilboa. The early appearance of 
Rhipidothyris in the Hamilton, its recurrence at several levels in the same group 
of rocks, and its re-appearance in rocks of lower Tully age are another link in 
the chain of evidence pointing to the middle Devonian age of the Tully formation. 


Rhipidothyris plicata Cooper and Williams, n. sp. 
(Plate 60, figures 8, 9, 10, 15, and 20) 
Shell of moderate size, with lenticular profile and oval outline. Beak over- 


hanging the dorsal valve. Surface marked by 9 to 17 strong, rounded, costae 
which die out at the umbo. 
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Ventral valve gently convex, oval in outline, widest at the middle of the valve. 
Sulcus faint. 

Dorsal valve nearly circular in outline, gently convex. Many specimens show 
a poorly defined fold marked by five or six costae. Interior as defined above. 


Locality and horizon:—Lower Gilboa, on the Manorkill, half a mile east of 
West Conesville; uppermost Hamilton, same locality; upper Ludlowville, east 
side of Schoharie Valley three miles northwest of Broome Center. 


Remarks:—Search was made for the loop of this species by scraping the matrix 
slowly away from the cardinalia by sharp needles. Eight preparations were made 
in this manner, and several additional specimens were studied by the serial section 
method, but not a single one revealed a complete loop. The descending lamellae 
and crural processes were well preserved in several specimens. One individual 
showed what appeared to be a transverse ribbon in place between the descending 
lamellae. The facts that the descending lamellae diverge widely and that not 
one loop out of the dozen or more specimens examined was entire, suggest a 
fragile, long loop, but the matter could not be settled definitely. 


Rhipidothyris multiplicata Cooper and Williams, n. sp. 
(Plate 60, figures 13 and 14) 


Differs from the preceding in greater number of costae. 
Horizon and locality:—Lower Gilboa, on the Manorkill, half a mile east of 
West Conesville. 


Septothyris Cooper and Williams, n. gen. 

Exterior—terebratuloid in outline and profile; subcircular in outline, lenticular 
in profile; subequally biconvex. Beak strongly incurved, deltidial plates nearly 
covering the delthyrium ; foramen submesothyrid (?). Anterior commissure recti- 
marginate. 

Ventral interior—dental plates long and well developed. Near the beak and 
between the dental plates is a short, strong septum. 

Dorsal interior—hinge-plate divided, supported by two subparallel plates which 
meet the floor of the valve or are united to a low median septum. Sockets and 
socket plates strong. Loop as in Rhipidothyris (?). 


Septothyris Cooper and Williams, n. sp. 


Genotype: 

Remarks:—The internal structure of Septothyris is essentially the same as that 
of Rhipidothyris. The chief difference between the genera is the strong plication 
of the shell of Rhipidothyris. None of the material preserved a complete loop, 
but the character of the descending lamellae and lack of an entire loop in the 
material suggest a long loop, probably similar to that of Cryptonella. 


Septothyris occurs at one known locality only, in the section at the Intake 
Building at the east foot of Pine Mountain on the west side of Schoharie Reservoir. 
Here the shells were found associated with Modiomorpha arcuata Hall, ostracods, 
and Lingula in a soft dark shale. 
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Septothyris septata Cooper and Williams, n. sp. 
(Plate 60, figures 1 to 3) 


Shell of moderate size, subcircular in outline; valves subequally convex. Ante- 
rior commissure rectimarginate. Exterior without other ornamentation than 
growth lines. 

Ventral valve with rather sharply rounded lateral margins and subtruncate or 


2 3 
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Ficure 7.—Serial sections of the posterior of Septothyris, ca.x 9. 


gently rounded anterior margin. Greatest convexity at the middle of the valve. 
Areas on each side of the median line of the valve are gently convex or flat. 

Dorsal valve moderately convex, with the greatest convexity at the middle. 
Lateral margins strongly rounded. 


Locality:—Lower Gilboa (equals lower Tully), at the Intake Building at the 
east base of Pine Mountain on the west side of Schoharie Reservoir. 


PELECYPODA 


Modiomorpha arcuata Hall 
(Plate 60, figure 17) 


1883. M. arcuata Hall, Pal. N. Y., vol. 5, pt. 1; Plates and explanations, pl. 36, 
fig. 21. 
1884. Hall, Pal. N. Y., vol. 5, pt. 1, Lamellibranchiata, pt. 2, p. 281, pl. 36, fig. 21. 
According to Hall this is an extremely rare species, known to him from a single 
specimen found in Bear Gulch south of the village of Richmondville. Recently 
the species was found in Schoharie Valley at two horizons in the Hamilton and 
near the base of the Gilboa (lower Tully). The Hamilton occurrences are very 
near the top of the Panther Mountain (upper Ludlowville) formation. On the 
east side of the valley on Moheganter Mountain the species was found just below 
the lowest Hamilton red beds. In the Gilboa formetion the species occurs a 
short distance above the lowest red beds in the section at the Intake Building at 
Pine Mountain. This rare Modiomorpha, like the brachiopod Rhipidothyris, is 
evidently a facies fossil characteristic of the eastern near-shore facies. The species 
is undoubtedly marine, as it was associated with brachiopods in each instance. 
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Modiomorpha ? convexa Cooper and Williams, n. sp. 
(Plate 60, figure 23) 


Shell of medium size, oval in outline, inflated in the mid-region. Umbones full, 
beaks strongly incurved anteriorly. Hinge-line gently curved, equal in length to 
about one-third the length of the valve. Hinge edentulous. Anterior short, 
narrowly rounded, scarcely protruding anterior to the beaks. Basal margin gently 
rounded; posterior margin broadly rounded. Umbonal slope rounded, forming 
the most convex part of the shell, and sloping gently to the basal margin, but 
rather steeply toward the hinge-line. The shell is least convex in the post- 
cardinal region. At the umbo it is quite smooth, but at the middle and toward 
the margins the valve is ornamented by subequal, concentric lines and unequal, 
distant undulations. 

Anterior adductor scar small, located a little posterior to the beak. Between 
the beak and the anterior adductor scar are two, small accessory muscular 
impressions. 

Dimensions of figured cotype—length, 36.5 millimeters; height, 28 millimeters. 
An unfigured cotype is 36 millimeters long and 27 millimeters high. 

This species is a good indicator of the lower Tully, because it has been found 
from Cazenovia Quadrangle to Susquehanna Valley, usually near the base of the 
Tully (Apulia member or Laurens member). This species suggests M. linguiformis 
Hall of the Onondaga limestone but differs in outline. Modiomorpha schucherti 
Pohl is similar in many respects but has coarser ornamentation and a much 


longer hinge. 


Physetomya raricosta J. S. Williams, n. sp. 
(Plate 60, figure 16) 


Shell small, moderately convex, elongate. Antero-basal margin regularly 
rounded to the basal margin which is contracted by a sulcus. Posterior contracted 
and produced into an abruptly truncated end. Umbonal slope marked by a sulcus 
extending from beak to margin. Beak one-third the length from the anterior 
margin. Surface marked by about ten strong, subangular, concentric undulations, 
separated by wide interspaces. Posteriorly the undulations become obsolete. 
Whole surface marked by fine, elevated radial lines. 


Dimensions :—Length, 30 millimeters; height, 16 millimeters. 


Remarks:—Physetomya raricosta resembles P. constricta (Hall) in size and 
outline but has much coarser concentric ornamentation. Following H. S. Wil- 
liams,” this species is assigned to Physetomya, better known in the Ordovician. 


Horizon and locality:—In the lower Gilboa formation at the quarry in Summit 
Hill, one mile north of Summit. 


37H. S. Williams: The fauna of the Chapman sandstone of Maine, including descriptions of 
some related species from the Moose River sandstone, U. S. Geol. Surv., Prof. Pap. 89 (1916) 
p. 132. 
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PTEROPODA 


Hyolithes inaequistriatus J. S. Williams, n. sp. 
(Plate 60, figures 21 and 25) 


Shell straight, tapering gradually and uniformly to a needle-sharp point; sub- 
triangular in outline. The ventral side is gently convex, the dorsal side sub- 
carinate. The ventral side is marked by strong, elevated radii between which 
there are as many as seven very fine, elevated lines. The subcarinate dorsal 
surface is covered by fine longitudinal lines, crossed by fine concentric lines. 
Aperture not observed. Septa numerous, numbering from 5 to 10. 

Dimensions:—length, 22 millimeters; width at aperture, 4 millimeters; length 
of septate portion, 5 millimeters. 


Horizon and localities:—Fimbriata zone of the West Brook member, at West 
Brook, three miles south of Sherburne and in Werners Glen, one mile northeast 
of Georgetown. 


Remarks :—This species resembles H. striatus Hall from the New York Hamilton 
but differs in its more convex dorsal surface and the ornamentation of the same. 
According to Hall’s figures and description the surface of H. striatus is covered by 
equal longitudinal striae and the species shows no septa. In H. inaequistriatus, 
apical septa are numerous, and the ornamentation is different on the two surfaces. 


CEPHALOPODA 


Baeopleuroceras J. S. Williams, n. gen. 


(Gr: baeo, small; pleuro, rib; ceras, horn) 


Conch short, cyrtoconic, rapidly expanding; axis curving through at least ninety 
degrees. Ovate in cross-section, wider than deep, and expanding more rapidly 
laterally than dorso-ventrally. Plane of the margin of the aperture apparently 
perpendicular to the axis of the conch. Margin apparently without a hyponomic 
sinus. Sides of the conch crossed by a series of short, strong folds which are gen- 
erally directed apically as they pass from the dorsal to the ventral sides. 

Surface ornamentation consisting of small, uniform, filiform, longitudinal costae, 
equidistantly spaced and apparently continuous throughout the length of the 
conch, with interspaces six or seven times the width of a costa. Interspaces crossed 
by much finer, sharp, filiform lines, irregularly fasciculate. 

Living chamber apparently occupying nearly half the length of the conch. 
Siphuncle subcentral, the shape of its segments undetermined. 

Genotype :—Baeopleuroceras incipiens J. S. Williams, n. sp. 


Baeopleuroceras is similar to Nephriticerina® in general form and surface 
ornamentation but differs from it in possessing strong transverse folds and a 
subcentral siphuncle. It differs from Roussanofoceras™ in possessing a sub- 
central siphuncle and surface ornamentation that is stronger longitudinally than 
transversely. 


8 A. F. Foerste: D i phalopods from Alpena in Michigan, Univ. Mich., Mus. Geol., 
Contr., vol. 2 (1927) p. 191, 194, 195. 

89 A. F. Foerste: Report of the scientific results of the Norwegian expedition to Novaya Zemlya, 
(1929) p. 31. 
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Baeopleuroceras incipiens J. 8. Williams, n. sp. 
(Plate 60, figures 24 and 27) 


Conch short, cyrtoconic and rapidly expanding, its axis curving through ninety 
degrees in passing through four camerae and the living chamber. Curvature 
greater in the phragmacone and decreasing in the upper part of the living chamber. 
Expansion of the conch more rapid laterally than dorso-ventrally, and more 
rapid in the phragmacone than in the upper half of the living chamber. Conch 
generally ovate in cross-section but flattened on the dorsal side. Plane of the 
margin of the aperture perpendicular to the axis of the conch, with no evidence 
of a hyponomic sinus. 

Sides of the conch conspicuously marked by a series of short, strong, transverse 
folds, directed somewhat apically in passing from the dorsal to the ventral side. 

Surface ornamentation consisting of fine, filiform, longitudinal costae, regularly 
spaced, the interspaces thickly crossed by finer, filiform lines, irregularly fascicu- 
late. Interspaces six to seven times the width of one costa. 


Horizon and localities:—West Brook member (fimbriata zone), half a mile 
southwest of South Lebanon; Muller Creek, northeast corner of the Pitcher 
Quadrangle; and Werners Glen, one mile northeast of Georgetown. 


TRILOBITA 


Scutellum tullium (Hall) 
(Plate 60, figures 6, 12, 18, and 26) 


1888. James Hall, Pal. N. Y., vol. 7, p. 12, 13, 8a, figs. 34-36. 

Glabella moderately convex, subtriangular in outline, extending to the anterior 
margin of the cephalon, as long as wide, with the greatest width one-fifth the length 
from the anterior margin; lateral profile uniformly curving upward and poste- 
riorly from the anterior margin to the occipital furrow; thickly covered with 
small pustules. First pair of lateral glabellar furrows shallow, wide, transverse, 
occupying two-thirds the width of the glabella, and gently arched anteriorly at 
their inner ends. Second and third pairs occupying two-thirds the width of the 
glabella, wide, shallow, short, and united to circumscribe two small tubercular 
second lateral glabellar lobes. First lateral glabellar lobes marked by a pair of 
wide, shallow, submedian pits or short furrows. Axial furrows straight, diverging, 
deep and wide at their junctions with the occipital furrow, shallower and nar- 
rower opposite the first lateral glabellar lobes, interrupted at their junctions with 
the first lateral glabellar furrows by poorly defined pits, followed anteriorly by 
short transverse ridges that merge with the fixed cheeks. Axial furrows merging 
anteriorly with the flattened surfaces of the fixed cheeks. Occipital furrow wide, 
moderately deep, well defined anteriorly by the steeply rising posterior margin of 
the glabella. Intersections of occipital furrow and the axial furrows marked with 
small, subtriangular tubercles. Anterior margin thickened, reflexed, gently arched, 
and curving more abruptly laterally and posteriorly. 

Fixed cheeks moderately wide, wider in the posterior half, tapered anteriorly; 
posterior halves subrectangular in outline, elevated, arched in longitudinal section, 
moderately convex in transverse section. They are abruptly deflected posteriorly 
to the occipital furrow, and more gently sloping anteriorly to the anterior halves. 
Their top is flattened and almost entirely occupied by reniform areas thickly 
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covered by small pustules. The anterior halves of the fixed cheeks are narrow, 
subtriangular, tapering anteriorly, nearly flat, and slope anteriorly and laterally 
from the axial furrows. They are marked just anterior to the first lateral glabellar 
furrows by the ridges that extend across the axial furrows. The surface is sparsely 
granulose. 

Pygidium moderately convex, semi-elliptical in outline; ratio of length to width 
is 3 to 4. Axis small in proportion to the whole, occupying about one-fifth the 
length and one-third the width. It is broadly subtriangular in outline, elevated, 
trilobate, and covered by small pustules. Articulating half-ring moderately wide, 
gently flexed upward and anteriorly in the middle, extending across the midlobe 
and over half way to the sides of the axis. It is separated from the same by a 
wide and deep furrow. Axial furrows shallow, moderately wide, very gently 
curved about the axis, nearly obsolete at their junction on the median rib. Pleural 
surface flat about the axis, gently depressed at the anterior ends of the axial 
furrows, gently sloping from the axis half way to the margin where it abruptly 
curves downward, flattens again and is gently reflexed at the margin. Ribs fifteen 
in number, seven on each side of a simple unbifurcated one. Intercostal furrows 
rather wide, gradually disappearing within the margin where the shield flattens. 
Ribs covered with small pustules. 

Width Length 


Dimensions: (milli- (milli- 
meters) meters) 


Horizon and localities: —West Brook member, 114 miles southeast of Borodino; 
at Tinkers Falls; a quarry near Spafford; and at Kingsleys Hill, 1% miles north- 
east of Otisco (Hall). At the last two localities the horizon is unknown. 

Remarks :—The fimbria of small spines described by Hall has not been observed, 
and it is on the basis of these spines that the species was referred to the genus 
Thysanopeltis. The normal adult size for the species is greater than that of Hall’s 
type specimen, which is a tail measuring 15 by 21 millimeters. Discovery of the 
glabella verifies the close relationship of S. tullium to S. costatum (Pusch). It 
also definitely places the species in the subgroup h (Bronteus costatum subgroup) 
of Cowper-Reed.” 


Otarion spinafrons J. 8. Williams, n. sp. 
(Plate 60, figures 7, 19, and 22) 


Cephalon semi-circular, saddle-shaped, the lateral borders depressed. Glabella 
tumid, subtriangular in outline, about as long as wide at the base, and con- 
sisting of a principal lobe and two basal lobes. First and second pairs of lateral 
glabellar furrows obsolete; third pair deeply incised, narrow and directed inward 
and posteriorly from the axial furrows to the occipital furrow, completely sep- 
arating the basal lobes. Principal lobe tumid, sub-ovoid, longer than wide, equal 
in length to three-fourths the whole cephalon, widest one-third the length from 
its anterior end, thickly covered with pustules of varying size. The median area 
of the principal lobe is marked by three uniformly spaced, symmetrical pairs of 


4 F, R. Cowper-Reed: Notes on the Bronteidae, Ann. Mag. Nat. Hist., ser. 10, vol. 1 (1928) p. 49. 
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large pustules. Basal lobes tumid, subtriangular in outline, and thickly covered 
with pustules of varying size. Axial furrows wider and shallower than the lateral 
glabellar furrows, in longitudinal profile, rising steeply beside the basal glabellar 
lobes and descending between the eyes and the principal glabellar lobe to join 
the pre-glabellar furrow. The pre-glabellar furrow is narrow, deep, and overhung 
by the anterior margin of the glabella. Pre-glabellar field sparsely pustulose, 
about one-fifth the length of the glabella, gently convex and abruptly sloping 
from the edge of the deep pre-glabellar furrow to the anterior marginal furrow, 
which is wide and shallow. Anterior border rounded, reflexed, gently arched, and 
set with a double row of short spines. Occipital furrow shallow and narrow. 
Occipital ring narrow, rounded, passing inward behind the basal lobes and then 
nearly uniformly rising inward and posteriorly to an apex from which a long 
spine extends upward and posteriorly. (In the holotype this occipital spine has 
a length of 2.2 millimeters). Anterior branches of the facial suture straight, 
slightly diverging anteriorly; posterior branches strongly recurved posteriorly 
and laterally. 

Fixed cheeks narrow and of nearly uniform width behind the eyes, widening 
gradually to the posterior marginal furrows and rapidly anterior to the eyes, 
where the axial furrows converge. Fixed cheeks thickly pustulose and convex 
posteriorly, sparsely pustulose anteriorly. They rise abruptly from the posterior 
marginal furrows, inwardly and anteriorly around the eyes, and are steeply inclined 
toward the axial furrows opposite the eyes, becoming horizontal anteriorly. 

Lateral borders rounded, uniformly curved throughout their lengths, gently 
depressed opposite the anterior ends of the eyes, rising anteriorly to the anterior 
border and posteriorly to the genal angles. Posterior borders gently convex. 
Genal angles rounded and bearing, as a continuation of the rounded borders, 
long rounded spines, curving posteriorly, laterally and downward. In the holo- 
type these spines have a length of 3 millimeters. Lateral borders set with a 
double row of short spines (on the anterior border and the lateral borders com- 
bined there are about forty spines, twenty in each row). Lateral marginal fur- 
rows wide and shallow, interrupted just anterior to the genal spines by short, 
transverse, rounded ridges, which pass inwardly toward the eyes from the lateral 
borders and merge with the sloping surfaces of the free cheeks. Free cheeks sub- 
semiconical, sloping uniformly to the lateral marginal furrows, passing from 
thickly pustulose at the base of the eyes to sparsely pustulose at the lateral 
marginal furrows. Eyes elevated on tall stalks equal in height to the highest 
point on the glabella, ovate in cross-section and directed slightly outward from 
the vertical. 

Dimensions of the holotype :—length, 5.2 millimeters; width, 8 millimeters. 

Horizon and localities:—Fimbriata zone of the West Brook member at West 
Brook, 3 miles south of Sherburne; Werners Glen, one mile northeast of George- 
town; ravine one mile northwest of Deruyter; Nigger Hollow, 2% miles south- 
east of Sherburne. 

Remarks :—Of all species of Otarion known to the writers, O. craspedota (Hall) 
appears most like the new species. The latter differs, however, in having a more 
tumid glabella with an ovoid principal lobe and larger, more prominent basal 
lobes. The pre-glabellar field in O. spinafrons is narrower, and the surfaces of 
the glabella and fixed cheeks are more thickly pustulose. The most striking dif- 
ference is in the ornamentation of the border, which in O. craspedota is smooth 
but in O. spinafrons is provided with a double row of spines. 


7 
Mer 
= 
g 
ae 
ve 
‘ 


LIST OF TULLY FOSSILS 


LIST OF TULLY FOSSILS 


855 


. Receptaculites sp.*. . 


Z. halli E. & H.**.. 


. C. corrugatum Hall** 


Enterolasma rectum (Hall).............. 
Amplezus hamiltoniae Hall.............. 
Lopholasma tullium J. 8. Williams....... 
Zaphrentis simplex Hall................ 
. Cyathophyllum conatum Hall............ 
. C. robustum Rominger.................. 
. Crepidophyllum archiaci Bill* 


. Cystiphyllum americanum E. & H........ 


. Favosites arbuscula Hall................ 
. placenta 


Gennaeocrinus kentuckiensis (Shumard).. . 
G. percarinatus Goldring................ 


Arthracantha cooperi Goldring........... 
Synbathocrinus erpansus Goldring....... 
Halysiocrinus cf. H. secundus Goldring... 
Parisocrinus ? pocilliformis Goldring... .. 


Tinkers Falls 


Apulia 


of type section 
West Brook, east 


of type section 


West Brook, west 
New Lisbon 


Laurens 


Gilboa 


Geneseo 


Sherburne 


Otselic 


Unadilla 


* Seen in the John Wells 


** Recorded by S. G. Williams. 


collection. 


|| 
TL 
x 
6 x 
7 
9 
10 
11 
12. Heliophyllum halli E. & H.............. 
16 
18 
20) 
21. Alwveolites goldfussi Bill................. 
x x 
Chaetetes fructicosus Hall**.............. 
x 
Conularia congregata Hall............... x 
Dolatocrinus liratus (Hall).............. x i 
| 
x 
G. of. G. nyssa or eucharis.............. x 
Megistocrinus depressus Hall............ x 4 
Aorocrinus cf. A. formosus Goldring...... x 
Cyttarocarinus cf. C. eriensis (Hall)...... x ; 
C. aff. C. jewetti Goldring............... x 
x 
x 
x 
x 
Nucteocrinus eegans (Conrad)........... x x 
x 
Fenestella planiramosa Hall........,.... x 
Polypora multiplex Hall*............... x 
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8g 
3 a2 
52. Ptilodictya meeki Nicholson**........... x 
53. Stictopora granifera Hall................ x 
54. Cystodictya incissurata Hall............. x x 
55. Lingula cf. L. densa Hall............... 
57. L. spatulaia x 
58. Orbiculoidea seneca Hall**.............. 
60. Philhedra crenistriata (Hall)............. x 
61. Petrocrania hamiltoniae (Hall)........... x 
62. Tropidoleptus carinatus (Conrad)........ x x x x x 
63. Schizophoria tulliensis (Vanuxem)........ 4 
66. Stropheodonta concava Hall.............. x x 
67. S. demisea 
68. Douvillina inaequistriata (Conrad)....... x x 
69. Leptostrophia tulliensis H. S. W.......... x x 
71. perplane (Conrad)... x x x 
72. L. acutiradiata J. 8. Williams........... x 
73. Pholidostrophia nacrea x 
74. Lept x x 
75. Chonetes aurora (Hall).................. st = x 
76. Chonetes mucronatus Hall............... x x 
78. C. filicostatus J. S. Williams............. x x 
79. C. flexuosus J. 8: Williams.............. x 
80. C. coronatus (Conrad)...............-+- x 
81. Schuchertella arctostriata (Hall).......... x] x x 
82. Productella tullia Hall**................ 
83. P. spinulicosta x x 
84. Strophalosia truncata (Hall)............. 
85. Rhipidomella vanuzemi (Hall)........... x x x 
86. Pentamerella pavilionensis Hall.......... + 3 x 
88. Camarotoechia x 
91. C congregata z 
93. Leiorhynchus mesacostale (Hall).......... x x zi 2 s x 
94. Hypothyridina venustula (Hall).......... x x x 
95. H. venustula robusta C. & W............. x 
96. H. venustula multiplicata C. & W......... x 
97. Centronella gilboa C. & W........--..45- x 
99. Cranaena romingeri (Hall).............. x x 
100. Cryptonella planirostra (Hall)........... x x 
101. Rhipidothyris plicata C. & W............ x 
102. R. multiplicata C. & W.........020ec00- x 
103. Septothyris septata C. & W.............. x 
104. Atrypa “reticularis”. x x 


** Recorded by S. G. Williams. 
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Tinkers Falls 


Apulia 


West Brook, west 
of type section 
West Brook, east 


of type section 
New Lisbon 


Laurens 


Gilboa 


Geneseo 


Sherburne 


Otselic 


Unadilla 


105. 
106. 
107. 
108. 
109, 
110. 
111. 
112. 
113. 
114. 
115. 
116. 
117. 
118. 
119. 
120. 
121. 
122. 
123. 
124, 
125. 
126. 
127. 
128. 
129. 
130. 
131. 
132. 
133. 
134. 
135. 
136. 
137. 
138. 
139. 
140. 
141. 
142, 
143, 
144. 
145. 
146. 
147. 
148, 
149. 
150. 
151. 
152. 
153. 
154. 
155. 
156. 
157. 


A. entilformis Vanuxem................ 
“ Spirifer” pauliformis J. S. Williams... . 
audaculus (Conrad)**............. 
anchiasper J. 8S. Williams.......... 
mucronatus (Conrad).............. 
“S."" mucronatus tulliensis H.S.W...... 
mucronatus posterus............... 


Spinocyrtia granulosa (Conrad) ......... 
Elytha fimbriata (Conrad)............... 
Ambocoeli bonata (Conrad).......... 
Echi Li bocoelioides C. & W...... 
Cyrtina hamiltonensis Hall ............. 


Trematospira gibbosa Hall............... 
Nucleospira concinna (Hall)............. 
Meristella barrist Hall.................. 


A. spiriferoides (Eaton)................ 
Prothyris lanceolaia Hall................ 
Grammysioidea arcuata (Conrad)........ 
Grammysia bisulcata (Conrad)........... 


Buchiola retrostriata (v. Buch)........... 
Nuculana diversa (Hall). ............... 
N. rostellata 
Nuculoidea lirata (Conrad).............. 
Nucula bellistriata (Conrad)............. 


Koenenia emarginata (Conrad).......... 
Tancrediopsis lamellata (Hall)........... 
Nuculites oblongatus (Conrad)........... 
Nuculites cuneiformis (Conrad).......... 
Parallelodon hamiltoniae (Hall).......... 
Leptodesma rogersi Hall................. 


** Recorded by 8S. G. Williams. 
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x x x i 
x : 
x x| x : 
x x 
x x 
x 
x 
x 
Charionella ovata J. 8. Wil x 
x ; 
x : 
x 
x 
x x x a 
Elymella nuculoides Hall................ x 
Glossites subtenuis Hall................. x 
x x x i 
x x x 
x 
x x 
x 
N. corbuliformis Hall................... x 
Palaeoneilo constricta (Conrad).......... x x ; 
| P. maxima x] x x 
x x 
x 
x 
x 
“ 
x x 
Glyptodesma erectum (Conrad)........... 
* 
| 
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158. 
159. 
160. 
161. 
162. 
163. 
164. 
165. 
166. 
167. 
168. 
169. 
170. 
171. 
172. 
173. 
174. 
175. 
176. 
177. 
178. 
179. 
180. 
181. 
182. 
183. 
184. 
185. C. 
. Cypricardinia indenta (Conrad).......... 
. Paracyclas lirata (Conrad).............. 


210. 


. Bembexia sulcomarginata (Conrad)....... 
. Euryzone lucina (Hall)................. 


** Recorded by S. G. Williams. 


of type section 


Tinkers Falls 

West Brook, west 
of type section 

West Brook, east 

New Lisbon 

Laurens 

Gilboa 

Geneseo 

Sherburne 

Otselic 

Unadilla 


Apulia 


zx x 
x x 
x x 
x 
x 
x x 
z 
x x 
x x 
x 
x 
x 
x x 
x 
x 
x |x 
x x} x| 
188. Cyrtonella pileola x 
189. Bucanopsis leda x x 
bie, 191. Ptomatis patulus (Hall)................. 
ore 192. Bellerophon pelops Hall................. 
193 x x| x 
194 
195 xix 
zx 
197. Lophospira triliz x 
a. 198. Phanerotinus planodiscus (Hall)......... 
+e 201. Lozonema delphicola Hall............... x 
a 204. Platyceras carinatum Hall............... x 
x 
209. P. symmetricum Hall..................- x 
Orthonychia conicum Hall............... x 
: 4 
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» » 
2 
8 8 8 © 
2 
3/2 
211. Diaphorostoma lineatum (Conrad)........ zt = x 
212. Styliolina fissurella (Hall)............... x x 
213. Tentaculites bellulus (Hall).............. x 
215. Nowakia gracilistriatus (Hall)........... x x 
216. Coleolus tenuicinctus Hall............... x 
x 
218. H. inaequistriatus J. 8. Williams......... x 
219. ‘‘Orthoceras” constrictum Vanuxem....... 
x 
Sea 
x 
225. Protokionoceras marcellense (Vanuxem) ... = 
226. Spyroceras crotalum (Hall).............. x x 
230. Geisonoceras subulatum (Hall)........... x 
231. Gomphoceras 
x 
233. Nephriticeras bucinum (Hall)............ x 
235. Baeopleuroceras incipiens J. S. Williams. . x 
236. Parodisceras discoideum (Hall).......... x 
237. Tornoceras uniangulare (Conrad)........ x 
238. ‘‘Goniatites’’ complanatus Hall*.......... x 
240. Turrilepas devonicus (Clarke)........... x 
241. Echinocaris cf. E. punctata Hall......... x 
242. Amphissites subquadrata (Ulrich)........ x 
243. Bollia ungula Jones.................... 
244. Halliela seminula (Jones)............... x 
245. Primitiella fabacea (Jones).............. x 
246. Ulrichia conradi Jones.................. x x 
247. Moorea bicornuta Ulrich................ x 
248. Strepula cf. S. plantaris Jones........... x 
249. Hollina kolmodini (Jones)............... x 
x 
252. Phacops rana Green.................005 x x x x 
253. Proetus macrocephalus Hall............. x 
255. Asteropyge bootht Green................ x/ x x x 
256. A. booths calliteles Green................ x x 
257. Scutellum tullium (Hall)................ x 
258. Otarion spinafrons J. 8. Williams........ x 
259. O. cf. O. craspedota (Hall).............. x 
260. Phaetonides ornata (Hall)............... x 
261. Protolepidodendron 


* Seen in the John Wells collection. 
** Recorded by S. G. Williams. 
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EXPLANATION OF PLATES 
PLATE 57—Fossits or THE TULLY ForMATION 
“Spirifer” mucronatus tulliensis (H. S. Williams) 


Ficures 1 and 3—Figure 1 is an internal mold of the ventral valve, showing 
the shape of the muscular field and the prominent slits repre- 
senting the molds of strong dental plates. Figure 3 is a view 
of a wax replica made from the mold of the exterior, which is 
the counterpart of the specimen shown in figure 1. Both, x1, 
Laurens member, 1% miles south of Milford Center. Figured 
specimen, U.S.N.M. (United States National Museum) 89780. 


Chonetes aurora (Hall) 


Ficures 2, 5, 6, 7, and 9—Figures 2 and 5 are views of the ventral exterior, 
showing the long spines at the cardinal extremities and the 
peculiar surface ornamentation, x2; figure 6 is the internal mold 
of the ventral valve, showing the characteristic chonetid median 
septum, x3; figure 7 is a ventral exterior, x3; figure 9 is a 
view of the dorsal valve, x3. Figures 2 and 6 are from the 
Apulia member 1% miles northwest of Deruyter; U.S.N.M. 89765, a. 
Figure 7, Apulia member, Tinkers Falls, Truxton township, Cort- 
land County; U.S.N.M. 89778. Figures 5 and 9, Apulia member, 
Spicers Gulf, Cuyler; US.N.M. 89767,a. 


Leptostrophia tulliensis (H. S. Williams) 


Ficure 4.—Ventral view of a well-preserved individual, x1. Apulia member, 
Tully, Onondaga County; H. S. Williams, coll. Figured specimen, 
US.N.M. 89750. 


Paracyclas lirata (Conrad) 


Ficure 10.—Right valve of a characteristic specimen. Common in the eastern 
Tully, x1. West Brook (fimbriata zone) member, one mile north- 
east of Laurens. Figured specimen, U.S.N.M. 89749. 


Bembezia sulcomarginata (Conrad) 


Ficure 12.—Apical view of a specimen, x1. West Brook (fimbriata zone) mem- 
ber, one mile northeast of Laurens. Figured specimen, U.S.N.M. 
89748. 


Hypothyridina venustula (Hall) 


Ficures 8, 13, 15, and 19—Figure 8 is an internal mold of a ventral valve, x1. 
Note the fine development of the pallial marks. Laurens member, 
Houghtaling’s Glen, 1% miles northeast of New Lisbon. Figured 
specimen, U.S.N.M. 89865. 

Figure 13 is the variety called H. venustula robusta, x1. Apulia 
member, 214 miles south of Fabius. Cotype, U.S.N.M. 89863. 
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Figure 19 is an impression of a fine ventral valve of H. venus- 
tula robusta, x1. Same horizon and locality as preceding. Cotype, 
US.N.M. 89863a. 

Figure 15 is a characteristic specimen from the Apulia mem- 
ber in the ravine at Keeney, Cazenovia Quadrangle, x1. Figured 
specimen, U.S.N.M. 89864. 


Leiorhynchus mesacostale (Hall) 


Ficure 16.—Dorsal view of an internal mold, x1. Basal Laurens, Houghtaling’s 
Glen, 1% miles northeast of Laurens. Figured specimen, U.S.N.M. 
89866. 


Hypothyridina venustula multicostata Cooper and Williams, n. var. 


Ficures 17 and 20.—Anterior and ventral views respectively of a fine specimen, 
showing wide sulcus and large number of costae in the sulcus. 
This species seems to be confined to western New York. x1. 
Apulia member. Chamberlin’s Quarry, 1% miles north-northeast 
of Ovid. Holotype, U.S.N.M. 89867. 


Hypothyridina emmonsi (Hall and Whitfield) 


Ficures 14, 18, and 21—Posterior, anterior, and ventral views respectively of 
the holotype introduced for comparison with the New York speci- 
mens. x1. Devonian, Aurora Mine, White Pine District, Nevada. 
Holotype, U.S.N.M. 14023. 


Leptaena “rhomboidalis” 


Ficure 22.—A large ventral valve, x1. West Brook (fimbriata zone) member, 
1 mile northeast of Laurens. Figured specimen, U.S.N.M. 89743. 


“Spirifer” mesastrialis Hall 


Fiaures 23 and 24—Figure 23 is an internal mold of the ventral valve, and 
figure 24 is a wax replica made from the external mold, counter- 
part of the specimen shown in figure 23. Both x1. Laurens mem- 
ber in the exposures 144 miles south of Milford Center. The 
specimen with the external mold contains also the impression of 
a ventral valve of Hypothyridina venustula, which at Ithaca is 
found 500 feet below “Spirifer” mesastrialis. Figured specimen, 
US.N.M. 89762. 


Chonetes filicostatus J. 8. Williams, n. sp. 
Ficure 11—Internal mold of a ventral valve showing the median septum, x2. 


Tinkers Falls member, 1144 miles northwest of Deruyter. Cotype, 
US.N.M. 89760. 
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EXPLANATION OF PLATES 
PLATE 58—Fossits or tHe ForMaTIon 
Lopholasma tullium J. 8. Williams n. sp. 


Fiaures 1, 2, 5, and 9.—Figure 1 is a longitudinal section of a paratype 
(US.N.M. 897472) showing the pseudo-columella, x3; figure 2 is 
a cross-section of a paratype (U.S.N.M. 89747b), and figure 5 is an 
oblique section of a paratype (U.S.N.M. 89747a) showing the 
carinae on the septa, x3. Figure 9 shows the exterior of the 
holotype (US.N.M. 89747) x2. West Brook member, Muller 
Creek, northeast corner of the Pitcher Quadrangle. 


Chonetes flecuosus J. S. Williams, n. sp. 


Fiaures 10 and 11—Figure 10 is a view of the ventral exterior showing the 
ornamentation (like that of C. aurora), spines and sulcus. (Co- 
type, U.S.N.M. 89756.) Figure 11 shows the dorsal exterior. 
(Cotype, US.N.M. 89756a.) x3. Apulia member, Junes Quarry, 
one mile northeast of Tully. 


Chonetes filicostatus J. 8. Williams, n. sp. 


Ficures 14 and 17.—Respectively, internal view of the dorsal valve, and ex- 
ternal view of the ventral valve, showing the fine costellae. 
Figure 14 (US.N.M. 89759) x2, from the lower Tully at 
Tripoli. 
Figure 17 (cotype U.S.N.M. 89760) x2, from the Tinkers Falls 
member, 114 miles northwest of Deruyter. 


Cyttarocrinus cf. C. ertensis (Hall) 


Ficures 3 and 4—Lateral and basal views respectively of an internal impression, 
x3. (US.N.M. 89714.) West Brook member (fimbriata zone), 


West Brook, 3 miles south of Sherburne. 


Gennaeocrinus percarinatus Goldring, n. sp. 


Ficures 12 and 15—Figure 12 is of a wax replica made from the mold of an 
imperfect specimen, showing the ornamentation. x1. (Paratype, 
US.N.M. 8971la.) Figure 15 is a view of a wax replica of an in- 
complete dorsal cup, x1. (Holotype, US.N.M. 89711.) Both from 
the West Brook member (fimbriata zone), West Brook, 3 miles 
south of Sherburne. 


Aorocrinus, n. sp. 
Ficure 16—Wax replica of an external mold, x2. (Figured specimen, U.S.N.M. 


89713.) West Brook member (fimbriata zone), West Brook, 3 miles 
south of Sherburne. 


f 
f 
{ 
i 
| 
i 
| 
‘oa 
ii 
il 
if 


864 G. A. COOPER, J. S. WILLIAMS—TULLY FORMATION OF NEW YORK 
Aorocrinus cf. A. formosus Goldring 


Ficure 20.—Wax replica of a mold showing the lower portion of a dorsal cup, 
x2. (Plesiotype, U.'S.N.M. 89712.) West Brook member (fimbriata 
zone), West Brook, 3 miles south of Sherburne. 


Arthracantha similis Goldring 


Ficure 18.—Wax replica prepared from a mold, showing part of a dorsal cup 
preserving parts of three radii and lower portions of arms, x1. 
(Holotype, U.S.N.M. 89717.) West Brook member (fimbriata zone) , 
West Brook, 3 miles south of Sherburne. 


Arthracantha cooperi Goldring, n. sp. 


Ficures 13, 19—Figure 19 is a wax replica prepared from the external mold of 
a partial dorsal cup showing the right posterior (?) radius, parts of 
two others, and the lower portions of two arms. (Holotype, 
US.N.M. 89716.) Figure 13 shows a wax replica prepared from an 
external mold of a portion of the basal cup. (Paratype, U.S.N.M. 
89716 a.) All x1. West Brook member (fimbriata zone), West 
Brook, 3 miles south of Sherburne. 


Synbathocrinus expansus Goldring, n. sp. 

Ficure 8.—Wax impression prepared from a dorsal cup, x3. (Holotype, U.S.N.M. 
89718.) West Brook member (fimbriata zone), West Brook, 3 miles 
south of Sherburne. 

Parisocrinus (?) pocilliformis Goldring, n. sp. 
Ficures 6 and 7—Basal and lateral views respectively of the holotype, x2. 


West Brook member (fimbriata zone), West Brook, 3 miles south 
of Sherburne. 
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EXPLANATION OF PLATES 
PLATE 59—Fossits or THE TuLLY ForMATION 
“Spirifer” anchiasper J. 8. Williams, n. sp. 


Ficures 1, 2, 6, and 7—Figure 1 is a posterior view showing the broad inter- 
area and narrow delthyrium; figure 2, side view; figure 6, dorsal 
view; figure 7, ventral view. All x1. (Holotype, U.'S.N.M. 89766.) 
West Brook member, headwaters of Otselic Creek, 2%4 miles north- 
west of Georgetown. 


Ficure 28.—Large ventral valve referred to this species, x1. (Paratype, U.S.N.M. 
89757.) West Brook member (fimbriata zone), Arab Hill ravine, 
west side Deruyter Reservoir, at north end. 


Spirifer” pauliformis J. 8. Williams, n. sp. 


Fiaures 3, 4, 5, 29——Figures 3 and 29 are ventral and dorsal views respectively, the 
former an internal mold showing strong slits corresponding to the 
dental plates, the latter a wax impression taken from a dorsal external 
mold showing the strong concentric ornamentation. Both x1. Fig- 
ure 3 (Paratype, U.S.N.M. 89745) is from the West Brook member 
(fimbriata zone) in a glen one mile northeast of Laurens. 

Figure 29 (Paratype, U.S.N.M. 89755) is from the West Brook 
(fimbriata zone) at West Brook, 3 miles south of Sherburne. 
Figures 4 and 5 are ventral and dorsal views respectively of a com- 
plete individual. x1. (Holotype, U.S.N.M. 89769.) West Brook 
member (fimbriata zone), Werners Glen, one mile northeast of 
Georgetown. 1 


Leptostrophia acutiradiata J. S. Williams, n. sp. 


Fieures 10, 11, 14, 15, and 19—Figures 15 and 19 are views of the ventral and 
dorsal exteriors respectively (Cotypes, U.S.N.M. 89752, 89752a) ; fig- 
ure 10 is a wax impression made from an internal mold of the dorsal 
valve (Cotype, U.S.N.M. 89752b) ; figure 11 is a wax replica of the 
ventral interior (Cotype, U.'S.N.M. 89752c); and figure 14 is an 
internal mold of the ventral interior, showing well the form of 
the muscular field (Cotype, U.S.N.M. 89752d). All figures x1. 

Upper Laurens member, one mile northeast of Laurens. 


Echinocoelia ambocoelioides Cooper and Williams, n. gen., n. sp. 


Ficures 9, 13, 17, 21, and 23—Figure 9 is an internal mold of the ventral valve, 
showing the elongate pit which is the negative of the umbonal 
callosity (Cotype, U.S.N.M. 89776b). Figures 13 and 23 are dorsal 
and ventral exteriors respectively (wax impressions made from molds 
of the exterior) showing concentric lamellae with attached spine 
bases (Cotypes, U.S.N.M. 89776, 89776a). Figure 17 is a mold of the 
dorsal interior (Cotype, U.S.N.M. 89776c). Figure 21 is a wax 
impression prepared from the same, showing dental sockets, cardinal 
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process, and descending lamellae. All figures x2, and all figured 
specimens from the upper Laurens member, one mile northeast 
of Laurens. 


Echinocoelia incurva Cooper and Williams, n. sp. 


Ficures 20, 24, and 25.—Lateral, ventral, and dorsal views respectively of a well 
preserved individual. Figure 25 shows the apical callosity very well. 
All figures x2. Mottville member of the Skaneateles formation in 
the Bear Mountain ravine, Onondaga Valley. (Holotype, U.'S.N.M. 
89764.) 


Charionella ovata J. S. Williams, n. sp. 


Ficures 18, 22, and 26.—Figure 22 is of a poorly preserved internal mold of the 
ventral valve, showing the similarity of the ventral muscular field 
to that of Meristella. x1. (Cotype, U.S.N.M. 89740.) Figure 26 is 
the internal mold of a dorsal valve, showing the subparallel slits that 
are the impressions of the dorsal lamellae, x1. (Cotype, U.S.N.M. 
89740a.) Figure 18 is a wax impression (x2) of the posterior portion 
of the specimen illustrated by figure 26, showing the subparallel 
lamellae. West Brook member (fimbriata zone), three miles south 
of Sherburne. 


Emmanuella subumbona (Hall) 


Ficures 8 and 12.—Lateral and dorsal views respectively of a complete individual, 
introduced for comparison with Echinocoelia ambocoelioides with 
which it is often confused. x2. (Plesiotype, U.S.N.M. 89770.) 
Lower Tully, Scipio, New York. 


Halysiocrinus cf. H. secundus (Hall) 


Ficure 27—Anterior and left posterior radials meeting between the two halves of 
the left antero-lateral. x2. (Plesiotype, U.'S.N.M. 89719.) West 
Brook member (fimbriata zone), West Brook, 3 miles south of 
Sherburne. 


Centronella gilboa Cooper and Williams, n. sp. 


Ficure 16.—Internal mold of a ventral valve, x2. (Cotype, U.S.N.M. 89870a.) 
Quarry in Summit Hill, one mile north of Summit. 
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EXPLANATION OF PLATES 


PLATE 60—Fossits or THE TULLY ForMATION 
Septothyris septata Cooper and Williams, n. gen., n. sp. 


Fiaures 1, 2. and 3.—Figure 3 is a view of the dorsal exterior (Cotype, U.S.N.M. 
89775b) ; figure 1 is a view of an internal mold of the dorsal valve, 
showing the strong median septum (Cotype, U.S.N.M. 89775) ; figure 
2 is a view of an internal mold of the ventral valve showing the 
dental plates (Cotype, US.N.M. 89775a). All figures x1. Lower 
Gilboa at the section at the Intake Building of the Schoharie Reser- 
voir, 2% miles south of Gilboa. 


Centronella lisbonensis Cooper and Williams, n. sp. 


Fiaures 4 and 5.—Ventral and dorsal internal molds respectively, x1. (Cotypes, 
US.N.M. 89753 and 89753a.) West Brook member (fimbriata zone), 
1% miles east of New Lisbon. 


Centronella gilboa Cooper and Williams, n. sp. 


Ficure 11—Internal mold of the dorsal valve, x2. (Cotype, US.N.M. 89870.) 
Basal Gilboa in the quarry in Summit Hill, one mile north of Summit. 


Rhipidothyris plicata Cooper and Williams, n. gen., n. sp. 


Ficures 8, 9, 10, 15, and 20—Figure 10 is a view of a wax replica of the dorsal 
exterior, showing the strong plications. (Cotype, U.S.N.M. 89771.) 
Figure 9 is an internal mold of the ventral valve, showing the dental 
plates. (Cotype, U.S.N.M. 89771a.) Figures 8, 15, and 20 are views 
of internal molds of the dorsal valve, showing the musculature and 
the median septum. (Cotypes, U.S.N.M. 89771b, 89771c, and 8977id 
respectively.) The loop figured on page 847 was prepared from 
the specimen illustrated by figure 20. All figures x2. All figured 
specimens from the lower Gilboa on the Manorkill, half a mile 
east of West Conesville. 


Rhipidothyris multiplicata Cooper and Williams, n. sp. 


Fiacures 13 and 14—Internal molds of the ventral and dorsal valves respectively, 
showing the generic characters well. x2. (Cotypes, U.S.N.M. 89773 
and 897732.) Same horizon and locality as above. 


Modiomorpha arcuata Hall 


Ficure 17—Small individual found associated with Septothyris septata at the 
exposure near the Intake Building, Schoharie Reservoir. x2. 
(Pleisiotype, US.N.M. 89745.) Lower Gilboa, 2% miles south 
of Gilboa. 


Physetomya raricosta J. S. Williams, n. sp. 


Fiaure 16—View of the right valve, x1. (Holotype, U.S.N.M. 89744.) Lower 
Gilboa at the Summit Quarry, one mile north of Summit. 
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Hyolithes inaequistriatus J. S. Williams, n. sp. 


Figures 21 and 25.—Figure 21 shows the carinate face of an internal mold. The 
; apical septa are clearly visible. (Cotype, U.S.N.M. 89741.) Figure 
25 shows the rounded face of a number of specimens. The figure is 
of a wax impression prepared from an external mold. (Cotype, 
US.N.M. 89741a.) Both x2. West Brook member (fimbriata zone) | 

West Brook, 3 miles south of Sherburne. 


Baeopleuroceras incipiens J. S. Williams, n. sp. 


Ficures 24 and 27—Lateral and ventral views respectively of the same individual, 
showing the ornamentation and lateral undulations of the shell. x1. 
(Holotype, U.S.N.M. 89758.) West Brook member (fimbriata zone), 
Muller Creek, northeast corner of the Pitcher Quadrangle. 


Scutellum tullium (Hall) 


Ficures 6, 12, 18, and 26.—Figures 6 and 12 are dorsal views of the head of a 
young individual. (Plesiotype, U.S.N.M. 89742.) Figure 6 is x 1, and 
figure 12 is x2. Figure 18 is of an imperfect tail, x1. (Plesiotype, 
US.N.M. 89742a.) This head and tail are from the West Brook 
member in the west quarry, 1% miles southeast of Borodino. Figure 
26 is a view of a wax replica of a nearly perfect tail, prepared from 
a specimen in the possession of Miss H. I. Tucker, of Cornell Uni- 
versity. x1. (Plastoplesiotype, U'S.N.M. 89761.) No horizon is 
known for this specimen which is from a quarry near Spafford. 


Otarion spinafrons J. 8. Williams, n. sp. 


Fiaures 7, 19, and 22—Figure 7 is a dorsal view of a wax replica prepared from 
a mold of the exterior, showing the pustulose principal lobe, occipital 
spine, and genal spine. (Holotype, U.S.N.M. 89751.) Figure 22 
is the internal mold corresponding to the external mold from which 
the wax replica was prepared. Both x2. Figure 19 is a wax replica 
prepared from a mold of the interior, showing the spiny border, x 3. 
(Paratype, US.N.M. 8975la.) All from West Brook member 
(fimbriata zone) West Brook, 3 miles south of Sherburne. 


Modiomorpha (?) convexa Cooper and Williams, n. sp. 


Figure 23.—Internal mold of a large right valve of a species found in the Apulia 
and Laurens members, x1. (Holotype, U.'S.N.M. 89763.) The fig- 
ured specimen is from the basal Laurens member at the road 
quarry, 1%4 miles east of New Lisbon. 
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INTRODUCTION 


It is generally recognized that from a geological and geophysical 
standpoint the region of the West Indies is one of the most interesting 
in the world. Many investigators have studied the geologic forma- 
tions. Oceanographic expeditions have given valuable data regarding 
the configuration of the bottom of the Atlantic and the Caribbean 
around the islands. Two great troughs have been found, one the 
Bartlett Deep in the Caribbean and the other the Nares Deep to the 
north of Puerto Rico, along both of which there is much seismic 
activity. Why do these troughs exist?—what maintains them?—are 
questions that are often asked but never definitely answered. 

During recent years it has been possible to determine values of 
gravity at a number of places on the islands—notably in Cuba, Santo 
Domingo, Puerto Rico, and some of the Bahama Islands—and also on 
the peninsula of Florida. In addition there have been two expeditions 
for determining gravity atsea. The first was in 1928 and may be called 
the Carnegie Institution-Navy Expedition. Dr. Vening Meinesz, of 
Holland, came to this country, upon the invitation of the Carnegie 
Institution of Washington, with his gravity-at-sea instrument to make 
the observations, and the Navy placed a submarine at the disposal of 
the observers. Gravity observations were made at 49 points over the 
waters of the Gulf and the Caribbean, in the Atlantic to the north of 
Puerto Rico, and near the Bahama Islands. In 1932 a second voyage, 
known as the Princeton-Navy Expedition, was undertaken, for which 


* Manuscript received by the Secretary of the Society, April 3, 1935. 
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Dr. Meinesz again came to this country with his apparatus and secured 
observations at 54 places to the south and north of Cuba and in the 
waters of the Bahamas. On the first expedition in 1928, Dr. Meinesz 
was assisted in the scientific work by Dr. Fred E. Wright, of the Geo- 
physical Laboratory, and Mr. E. B. Collins, of the Hydrographic Office 
of the Navy. On the second expedition Dr. Meinesz’ assistants were 
Dr. Harry Hess, of Princeton, and Mr. T. T. Brown, of the Naval 
Research Laboratory. 

The Coast and Geodetic Survey has taken an active part in the 
gravity surveys of the West Indies region. Observers representing this 
bureau have made all the observations on the islands and in Florida. 
The isostatic reductions of all the stations, including the gravity-at-sea 
stations, were made by the mathematicians of the Division of Geodesy 
of the Bureau. 

Although data have been published for the sea stations of the West 
Indies region, no publication giving the essential data for the land 
stations has been issued. It is hoped that within the next year such a 
publication may be forthcoming. 


PURPOSE OF THE PAPER 


This paper is designed to throw some light on the general isostatic 
condition of the West Indies region. The method employed consisted 
in dividing the area into squares approximately 70,000 square miles 
in area and in determining the average isostatic and Bouguer anomalies 
in each. The locations of the squares and the average isostatic and 
Bouguer anomalies for each are shown on the accompanying illustra- 
tion. The ideal distribution of stations would be one of uniform 
spacing but, of course, this is impracticable in many areas. In some 
squares, especially Nos. 2 and 9, many of the stations are very close 
together, and in computing the average anomaly for the respective 
square, stations falling within a circle 10 miles in diameter were used 
as a single station. 

The dimensions of the squares are the same as those used in a sim- 
ilar study of the isostatic condition of the United States, southern 
Canada, and India. A report on that study appeared in Gerlands 
Beitrige zur Geophysik.* 

For the West Indies region there are 258 stations grouped into 15 
squares. Because several groups of stations were considered as a 
single station, as explained above, there are only 208 individual 


anomalies. 


1 William Bowie: A comparison of isostasy in India and in the United States and southern 
Canada, Gerlands Beitriige zur Geophysik, vol. 41 (1934) p. 250-260. 
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The following table shows the number of the square, the number of 
stations in the square, and the number of separate values after com- 
bining the stations that lie close together. 


Distribution of Stations 
Square Number of stations Number of anomalies 


The results are quite similar to those found for the United States, 
southern Canada, and India. There are only five squares, Nos. 1, 7, 11, 
14, and 15, for which the average isostatic anomaly exceeds 40 mil- 
ligals, and in no square does it exceed 50 milligals. There are seven 
squares for which the average isostatic anomaly is less than 20 milligals. 
The average Bouguer anomalies are quite large for some of the squares; 
the largest is +395 milligals, and the next largest is 355 milligals. Only 
five average Bouguer anomalies are less than 100 milligals. 


SIGNIFICANCE OF OBSERVED DATA 

The significance of these anomalies becomes apparent when we con- 
sider what one milligal represents in terms of the attraction of a disk 
of rock. A disk of surface rock of infinite horizontal extent, 30 feet 
thick, and with a density of 2.67, will cause a change in gravity of 
one milligal at a point directly above it. With this as a measuring 
rod we find that the mass which would cause the maximum average 
isostatic anomaly for a square in the West Indies region is 47 times 
30, or 1,410 feet of surface rock. This anomaly is negative, and the 
deviation of the block from isostatic equilibrium is equivalent to a 
mass 70,000 square miles in area and 1,410 feet thick if the anomaly 
is due to a lack of isostatic equilibrium. The crustal block beneath 
the square would be too light. 
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For square No. 11 the isostatic anomaly, involving only five sta- 
tions, has a value of +46 milligals. If, in this case, the anomaly is 
due entirely to a deviation from perfect isostasy we must assume 
that there is an excess of mass in the crustal block below the square 
equal to 46 times 30, or 1,380 feet. 

For the seven squares having isostatic anomalies less than 20 milli- 
gals the deviation from isostatic equilibrium, even if the anomalies 
are due entirely to a lack of isostatic equilibrium, is represented by 
less than 600 feet of rock over each square. 

When we consider the Bouguer anomalies we find some rather large 
masses involved. For instance, the anomaly of +395 milligals for 
square No. 5 represents 11,850 feet of rock. In other words, the 
compensation of the deficiency in density of the waters in that square 
must have approximately the same attractive effect as a mass of rock 
having the horizontal dimensions of the square and nearly 12,000 feet 
thick. The isostatic anomaly for that square is +-28 milligals or the 
equivalent of less than 850 feet of rock. 

I have attempted to interpret the average gravity anomalies for 
the several squares in terms of mass. A disk of material of a certain 
thickness and of the area of the square, if added to or removed from 
the earth’s surface, would cause a certain change in gravity, or to put 
it another way, such a disk would have a certain pull or attraction. 
If, however, this disk is distributed as a deviation from normal density 
throughout the depth of the crust, then presumably the mass of material 
that would cause the same change in gravity would have to be some- 
what greater. To be specific, a disk of material 300 feet in thickness 
with density 2.67 and an area of 70,000 square miles would affect the 
value of gravity by about 10 milligals. If, on the other hand, this same 
disk is distributed throughout a block of the earth’s crust, having a sur- 
face of 70,000 square miles and a depth of about 60 miles, it would cause 
a change in gravity of only 8 milligals. It is quite evident that we can 
obtain an approximate idea of the deviation of a block of the crust 
from perfect isostatic equilibrium by assuming that a mass 30 feet 
in thickness and of indefinite horizontal extent causes one milligal in 
the gravity anomaly. 

This method for the analysis of gravity data may not be very 
effective, but it seems to me that it does give some indication of the 
deviation from normal mass over comparatively small areas. The 
results of the study in the West Indies lead us to believe that if the 
earth’s crust could be cut into blocks by vertical planes, say 4 degrees 
apart, and if there were no friction or other resistance to vertical 
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movements of the blocks, the unbalanced forces would be such that 
no one of the blocks such as those shown on the accompanying sketch 
would move up or down more than about 1,400 feet. This is a com- 
paratively small movement to bring the blocks of the earth’s crust 
into equilibrium, and, if the deviation indicated by the gravity 
anomalies is not caused entirely by a lack of isostatic balance, the 
movement would, in most cases, be less. 

It is impossible, of course, for any particular topographic feature 
to be independently compensated in the subjacent prism extending 
to the depth of compensation. There must be some regional distribu- 
tion of the compensation, and therefore a topographic feature in one 
block may be at least partially compensated under an adjacent block. 
The crust of the earth is spread around the nucleus like a blanket, one 
hundred and ninety-seven million square miles in area and approx- 
imately sixty miles in thickness. The evidence available leads us to 
believe that the Pratt isostatic idea is the true one, that is, that the 
crustal material is a unit having residual rigidity extending to a depth 
of about 60 miles below sea level. I do believe, however, that lack of 
balance in a certain part of the crust does not affect to any great 
extent the equilibrium conditions in portions of the crust far removed 
from it. 

Whether the block of the crust that may be treated as an inde- 
pendent unit is 4 degrees square, approximately 70,000 square miles 
in area, or whether it is smaller or larger, is a matter that cannot 
be decided at present. As further evidence presents itself, we may be 
able to arrive at a more definite conclusion. 

It is interesting to consider the anomalies by zones. If we take the 
north and south tiers of squares on Figure 1 we have the following 
values by zones: 


North-south zones 


Anomalies 
Zone Isostatic | Bouguer 
(milligals) (milligals) 
1/ 87° to 83° 
| +8 +128 
2. 83° to 79° 


+9 +108 


4 
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North-south zones—continued 


Anomalies 
Zone Isostatic | Bougher 
(milligals) (milligals) 

3. 79° to 75° 
+12 +154 

4. 75° to 71° 
+210 

5. 71° to 67° 

6. 67° to 63° 


For these zones, approximately four degrees wide, the largest mean 
isostatic anomaly is 24 milligals, and the second largest is 12 milli- 
gals. The other four values are each less than 10 milligals. 

The corresponding data for the east and west zones through the 
West Indies region are given below. It will be noticed that the max- 
imum anomaly for these zones is +11 milligals. The Bouguer values 
for the north and south and the east and west zones are all greater 
than 100 milligals. Only two of the 9 zones have values less than 150 
milligals. The maximum Bouguer value is 278 milligals. 


East-west zones 


Anomalies 
Zone Isostatic | Bougher 
(milligals) (milligals) 
1, 28° to 24° 


+11 +156 


| 
| 
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East-west zones—continued 
Anomalies 
Zone Isostatic | Bougher 
(milligals) (milligals) 
2. 24° to 20° 
3. 20° to 16° 


For the whole area the average anomalies by squares are +2 and 
+171 milligals for the isostatic and Bouguer reductions, respectively. 
Without regard to sign they are 32 and 172 milligals, respectively. 

The following table gives the number of isostatic and Bouguer 
anomalies that fall between indicated limits. 


Number of anomalies within given limits in milligals 


Limits in Number of Number of 
milligals isostatic anomalies Bouguer anomalies 
12 


It would appear that for the isostatic anomalies, but not for the 
Bouger anomalies, the distribution according to size follows very closely 
the law of probability of errors. 

The isostatic anomalies are somewhat independent of the character 
of the topography whether water or land, but the Bouguer anomalies 
have a very definite relationship to the depths of the water and the 
heights of the land. This would indicate that the isostatic anomalies 
must be due to causes of no great horizontal extent. 
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The table below shows the mean anomalies of the squares with the 
squares arranged in numerical order. 


Mean anomalies of squares in numerical order 


Mean Anomaly 

Square Isostatic Bouguer 

number milligals milligals 
+317 
+124 
+154 

CONCLUSION 


It i3 believed that this analysis of the gravity data now available in 
the West Indies region justifies the conclusion that the area as a whole, 
involving approximately one million square miles of the earth’s sur- 
face, is underlaid by crustal material that is very closely in isostatic 
equilibrium. It is necessary, of course, to have more gravity stations 
in some of the squares for one to be able to arrive at a correct con- 
clusion as to the isostatic condition of the crust below those squares. 
Where there are only two or three stations, no general conclusions of 
a definite nature are justified. However, it is rather remarkable that 
no matter whether the stations are closely spaced and numerous or 
widely spaced and few in number, the information points toward an 
isostatic condition of the crust beneath the squares involved that is 
not far from perfect. The crust evidently does not maintain elevated 
or depressed surfaces, because of its rigidity and strength, against the 
stresses that would tend to bring the blocks into equilibrium. 

In spite of the fact that the West Indies region as a whole is very 
closely in isostatic equilibrium, it is a very active seismic area. Why 
should we have earthquakes in a region that is nearly balanced? This 
is something that no one at present can tell. We do not know whether 
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earthquakes are caused by movements of material in response to 
horizontal forces straining the rock beyond the elastic limits or whether 
they are caused by changes in densities within the earth’s crust which 
lead to changes in elevation of the earth’s surface. If the movement 
of the material that causes the earthquakes is horizontal then, of 
course, we would be justified in assuming horizontal forces as the 
active agency. On the other hand, if the movement of the material 
at the time of an earthquake is vertical then perhaps a change in 
density of the crustal material is the predominant cause of the dis- 
turbances. 

While there is a large number of gravity stations in the region 
under consideration, it is believed that many more should be estab- 
lished in order that its geologic history may be more correctly inter- 
preted. It is important that the gravity surveys be extended to 
adjacent areas, especially along the chain of islands reaching from 
Puerto Rico to the coast of Venezuela. That arc of islands is a 
feature on the earth’s surface very difficult to explain. Perhaps if 
sufficient gravity data were obtained along those islands and over the 
waters adjacent to them, information of great value would result. 
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INTRODUCTION 


The silver and pitchblende ores at Great Bear Lake have attracted 
wide attention. Great Bear Lake is on the Arctic Circle, east of the 
Mackenzie River, and the deposits are at Echo Bay on the east side 
of the lake. 

Since the original find in May, 1930, the geology of the region and 
of the mineral deposits have been described by a number of geologists 
and engineers. A list of these papers is given in the accompanying 
bibliography. 

After spending two months in 1931 examining the mineral deposits 
and making a reconnaissance of the areal geology, Kidd published a 
brief account ! of the geology and mineralization at the Eldorado mine, 
the most important deposit in the district. In 1932, he spent six 
months making further field studies of the mineral occurrences and 
conducting a broad reconnaissance over 3000 square miles of geologi- 
cally unknown territory. The results of this work were published ? 
in 1932. In 1932, both writers planned a mineragraphic study of the 
ores from the Eldorado mine, which resulted in this joint paper. This 
was done through the co-operation of the directors of the two branches 
of the Department of Mines at Ottawa, W. H. Collins, of the Geologi- 
cal Survey, and John McLeish, of the Mines Branch. The study was 
carried out in the Ore Dressing and Metallurgical Laboratories, which 
are under the direction of W. B. Timm. 

In this paper the writers divide the seniority. Kidd ranks as senior 
on those sections involving field observations and Haycock as senior 
on the mineragraphic work. All photomicrographs are by Haycock. 


1D. F. Kidd: A pitchblende-silver deposit, Great Bear Lake, Canada, Econ. Geol., vol. 27, 


no. 2 (1932) p. 145. 
2D. F. Kidd: Great Bear Lake area, Northwest Territories, Geol. Surv. Canada, Summ. Rept., 


pt. C (1932) p. 1. 
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Figure 1.—Index map showing location of area 
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Both writers wish to acknowledge helpful co-operation of their re- 
spective chiefs. Officials of the Eldorado mine gave free access to 
their property and were most generous in their donation of specimens, 
often of considerable value. Engineers familiar with the district have 
contributed stimulating discussions. In the mineragraphic study con- 
siderable help was given by the staff of the Chemical Laboratories, 
Ore Dressing and Metallurgical Division of the Mines Branch, and 
many helpful suggestions were made by R. J. Traill of that Division, 
who studied the treatment methods to be applied to the radium- 
bearing ores. 

The area is 1380 miles by boat or 800 miles by aeroplane from the 
railhead at Waterways, Alberta (Fig. 1). 

Topographically the Echo Bay district is at the abrupt western 
edge of an upland extending eastward at least 50 miles. The upland 
surface rises 1000 to 1200 feet above the lake, often in steep slopes or 
cliffs. The shoreline is extremely rugged and rocky, and much dis- 
sected by fiord-like bays (PI. 62). 

A limited amount of timber is present. Coal occurs on the west 
side of the lake. Although the climate is severe, the area is habitable. 


GEOLOGY OF THE AREA 
GENERAL GEOLOGY 


The general geology is still imperfectly known, and many important 
relationships can only tentatively be stated. The rocks of the area 
may be subdivided as follows: 


Sedimentary and Intrusive rocks 


Dark-colored dikes and gently dipping dike. 
Large quartz veins. 
Granite. Dark-colored dikes (?). 


Old 


Cameron Bay group 
Granite (?). 
Complex 


Echo Bay group 


They are all probably pre-Cambrian. 

The upper part of the Echo Bay group is dominantly porphyritic 
andesitic volcanics, with minor intrusives. A few sediments are inter- 
banded. The lower part of the group consists largely of sediments, 
mainly siliceous argillite, but including quartzite, conglomerate, chert, 
and a little limestone. 

The Cameron Bay group overlies the Echo Bay group probably with 
unconformity. It consists of red to brown unbedded tuffs divided 
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by cobble conglomerate and sandstone with ferruginous cement. The 
total thickness is of the order of thousands of feet. Vein quartz 
pebbles and a single granite pebble found in these rocks indicate 
that there may have been a period of granitic intrusion between the 
deposition of the Echo Bay and the Cameron Bay groups. 

Granitic intrusives of batholithic size lie east and south of the 
area. The Lindsley Bay granite, to the east, is 25 miles by 15 miles, 
and may be larger. The Dowdell Point granite, to the south, hereto- 
fore called the Richardson Island-Dowdell Point granite, has a known 
length of 35 miles and a width of 14 miles. Granite outcrops along 
the shore and islands north from LaBine Point (Fig. 2) indicate the 
probable presence of a granite mass under the lake to the west. Another 
large granite body is exposed on islands 12 miles north of LaBine 
Point. 

The Lindsley Bay granite is a rather uniform, massive to slightly 
gneissic, medium-grained but somewhat porphyritic near the borders, 
biotite granite approaching granodiorite. The Dowdell Point is an 
entirely massive, fresh-looking, coarse-grained, usually somewhat por- 
phyritic, buff to pink, crumbly weathering biotite granite. That on 
the islands near LaBine Point is similar to the Dowdell Point mass. 
Pegmatites are rare. Aplites are present. 

The granites may be of widely different ages, both in different masses 
and in areas considered as single bodies. 

Granodiorite to quartz-mica diorite stocks have been distinguished 
from the granites in the Echo Bay area. They are older than at least 
the Dowdell Point granite, because they are cut by it. They are com- 
monly elongated in a northwest direction. Unusually large contact 
aureoles in the invaded rocks, contain abundant red feldspar, chlorite, 
magnetite, biotite, pyrite, actinolite, and epidote. Large gossans from 
the weathering of the pyrite occur at intervals round their borders. 

Two very large quartz veins, one at Cameron Bay and the other 
on an island 4 miles north of LaBine Point, are noteworthy (Fig. 2). 
Some fifty similar veins, between 50 and 500 feet wide and with 
lengths up to ten miles, have been mapped in the area extending as 
a belt from the Coppermine River, northeast of Great Bear Lake, to 
Rae on Great Slave Lake, a distance of 350 miles. Nearly all strike 
in the northeast quadrant, usually about northeast. Several occur in 
large faults, and many others are believed to do so. They are huge 
composite stockworks in which replacement of wall-rock and rock 
fragments is noteworthy. They contain quartz of at least two ages. 
The older is massive; the younger, which veins the former, contains 
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much comb quartz which frequently shows milky and glassy varieties 
in rhythmic banding parallel to the crystal faces. At many places, 
considerable specular hematite is found as rosettes in the older quartz 
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Ficure 2.—Geology and geography of the Echo Bay area 


and as coatings on crystals of the later generation. Locally, bornite, 
chalcopyrite, chalcocite, and famatinite occur. 

The veins are mesothermal almost to epithermal. They contain no 
feldspar and cannot be considered as pegmatitic. Their distribution 
over an area at least 350 miles long and of unknown width and in 
major faults indicates a probable deep-seated source of the solutions. 
Their occurrence in faults which cut nearly all the known igneous 
rocks, including, with one possible exception, the granites, suggests 
that they are not related to intrusives now exposed. 
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Dark-colored dikes are present in the area. A gently dipping one, 
which is in places a sill, crops out at intervals in the area (Fig. 2) and 
for 45 miles north. It is commonly 50 to 100 feet thick, occasionally 
somewhat more. The rock varies between enstatite(?)-mica diorite, 
quartz norite, and diabase. It cuts the Echo Bay group and the 
granodiorite. Small lithologically similar dikes cut the Lindsley Bay 
and Dowdell Point granites. At Mystery Island one of the dikes 
appears to cross without noticeable displacement the large fault ex- 
tending from Cameron Bay toward Dowdell Point. As this fault is 
sealed by the large quartz vein at Cameron Bay the dike may be 
younger than the vein. North of the area a small lithologically simi- 
lar dike cuts one of the large quartz veins. 

A few dark-colored dikes older than the large quartz veins occur 
at a few places north of the area. They are diorite and are distin- 
guished by the presence of red feldspar. Their age relative to the 
other rocks is not known. They are fairly fresh-looking. For con- 
venience, they are listed with the granite in the list of formations. 
South of Contact Lake an andesite dike, different in appearance from 
the younger group of dark-colored dikes, may belong to this type. 


STRUCTURAL GEOLOGY 

The trend of the folded rocks along the east side of Great Bear Lake 
is, in general, northwest, except in the vicinity of LaBine Point and 
Glacier Bay, where it is north. Except near the granite bodies the 
dips are usually less than 45 degrees, and the Cameron Bay group of 
rocks is often only slightly folded. In the proximity of so many 
intrusive bodies this is rather striking. 

There are a number of faults. The majority, regardless of size, 
trend northeast and have the northwest side displaced northeast. In 
the Echo Bay district the most prominent northeast fault is at Cam- 
eron Bay (Fig. 2). Contacts meeting it appear to be displaced about 
3 miles. For example, the granodiorite stock north of Cameron Bay. 
on the west side of the fault, matches the one on the peninsula between 
the entrance to Echo Bay and its southwest arm; the granodiorite at 
Mystery Island matches that at Dowdell Point; and the granite at 
the Point matches that on an islet just to the south of Mystery Island. 
A large quartz vein lies in this fault. Another large northeast fault 
may occupy the valley of Glacier Bay, Glacier Lake, and Sparkplug 
Lake. 

The topography bears some evidence of earlier northwesterly trend- 
ing structures. A northwest-trending fault is present in the southeast 
arm of Echo Bay (Fig. 2). 
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A third direction of tensional fracturing is north-south. It is found 
to the north but is not well represented in the area. 

The abrupt ending of the high upland along the straight shore line 
of Great Bear Lake, together with the abundant evidence of tensional 
fracturing, strongly suggests control by a major north-south axis of 
tensional rupture. The northeast trend and right-hand character of 
one set of tensional faults indicate a northward horizontal component 
in the movement of the subsided block on the west side of this rift. 


MINERALIZATION 


General statement.—In the Echo Bay district the chief mineraliza- 
tion of economic importance is silver and pitchblende. Gold has been 
found in small quantity. Copper is widespread but is not commer- 
cially important. Pitchblende deposits have recently been found 110 
miles to the south, at Hottah Lake. A small deposit exists 14 miles 
to the north, on Workman Island. Other silver deposits have been 
discovered at Camsell River, 35 miles to the south. 

Figure 2 shows the principal discoveries of pitchblende and silver. 
The geology and mineralogy at localities 2 to 5 will be briefly de- 
scribed. That at locality 1, the Eldorado mine, will be described in 
detail. Brief mention will be made of pitchblende occurrences beyond 
Echo Bay district. 


Echo Bay claims.—The Echo Bay claims, 114 miles northeast of 
LaBine Point, show mineralization in shear and fracture zones cutting 
the Echo Bay group, here tuff, dacite, feldspar porphyry, and fine- 
grained banded sediments. All have been much altered and contain 
pyrite, chlorite, magnetite, biotite, actinolite, and disseminations of 
other minerals including tourmaline. Six zones, five of which trend 
northeast, have been found in an area 2000 feet long and 600 feet wide. 
The longest single zone is 800 feet. The minerals are in part dis- 
seminated in the wall-rocks of the zones, and in part in veinlets with 
a maganiferous carbonate gangue. Those identified are pyrite, mag- 
netite, arsenopyrite, pitchblende, chalcopyrite, sphalerite, marcasite, 
galena, bornite, rammelsbergite and other hard white minerals of the 
cobalt-nickel group, niccolite, stromeyerite, argentite (?), native sil- 
ver, covellite, and supergene manganese, copper, cobalt, nickel, and 
uranium minerals. Copper minerals occur at one place in an earlier 
quartz vein. There seems to have been an earlier period, perhaps two 
periods, of mineralization with pyrite, arsenopyrite, chalcopyrite, and 
possibly sphalerite, galena, and bornite, in which replacement of wall- 
rocks was important; and this was followed by disturbance in the 


888  D. F. KIDD AND M. H. HAYCOCK—ORES OF GREAT BEAR LAKE 


zones and the formation of carbonate veins with niccolite and cobalt- 
nickel minerals, chalcopyrite, galena, and silver minerals. 


Bonanza claims—At the Bonanza claims on Dowdell Point, are 
two distinct deposits, half a mile apart. In the western deposit a 
narrow band of intensely altered argillaceous sediments, probably with 
one calcareous member, lies between intrusive granodiorite on the 
north and the Dowdell Point granite on the south. The sediments 
are altered with development of chlorite and hematite. They are 
fractured in a zone up to 30 feet wide, and some fractures are cemented 
with manganiferous carbonate and at places abundant native silver. 
Minute amounts of chalcopyrite and unidentified soft gray minerals 
occur in the carbonate. 

At the eastern Bonanza deposit a narrow band of older rocks sepa- 
rates granodiorite on the north from granite on the south. Silver 
is present at several places in small calcite veins. Locally, there is 
purple fluorite. Chalcopyrite, bornite, sphalerite, tetrahedrite, covel- 
lite, and erythrite have been identified. 


Thompson claims—The Thompson claims, between Contact and 
Bow lakes, exhibit a small occurrence of uranium minerals in a 75- 
foot dike of andesite, which cuts the prevailing granite. A small 
fracture in the dike rock contains a one-inch seam of bright yellow 
supergene uranium minerals. The fracture intersects a zone of quartz 
stringers that at places contain pyrite, chalcopyrite, bornite, and some 
carbonate. The deposit is of interest because of its possible genetic 
significance. 


M Group claims.—The “M” group of claims is on the north shore 
of Contact Lake. A shear and fracture zone that has been traced 
several hundred feet cuts granodiorite of the stock which extends 
northwest from Contact Lake. The zone contains quartz veins with 
rosettes of specular hematite at some places. Later manganiferous 
carbonate is the most abundant vein filling. A second quartz genera- 
tion and manganiferous calcite complete the gangue filling. The wall 
rocks contain abundant chlorite and some magnetite, pyrite, and chal- 
copyrite. At one place in the early quartz, colloform pitchblende simi- 
lar to that at the Eldorado mine occurs. This quartz also contains 
arsenopyrite, pyrite, safflorite-rammelsbergite, and other hard white 
cobalt-nickel minerals. The carbonate has niccolite, native bismuth, 
chalcopyrite, bornite, argentite, stromeyerite, hessite, native silver, 
tetrahedrite, and chalcocite. 
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Occurrences outside Echo Bay district—At Hottah Lake, 110 miles 
south of Echo Bay, pitchblende deposits were found in 1934 in one 
of the very large northeasterly trending quartz veins. The vein and 
satellitic veins have been traced for ten miles. They cut argillites, 
feldspar porphyries, a gabbroic sill-like intrusive, and granite. They 
have been emplaced largely by replacement. Since the main vein 
filling they have been slightly faulted and intruded by diabase dikes. 
The last stage of quartz formation cuts the dikes, and it is with this 
quartz that the pitchblende occurs. The mineralogy is simple. Collo- 
form pitchblende and hematite form mixtures in which the individ- 
uals are of various sizes down to the limit of microscopic visibility. 
Later coarser specular hematite veins this mixture. Minute amounts 
of pyrite, chalcopyrite, and native bismuth are present. Galena was 
found in one specimen and also an unidentified bismuth mineral; they 
are extremely rare. 

On Workman Island, fourteen miles north of LaBine Point, a little 
pitchblende has been found in one of the large quartz vein stock- 
works. The pitchblende occurs with chlorite and some copper mineral 
at the junction of two minor fractures in the main quartz filling of 
the stockwork. Comb quartz of a later generation and specular 
hematite occur with it. The deposit is of genetic importance only. 


GEOLOGY OF THE ELDORADO MINE 
GENERAL GEOLOGY 


The Eldorado mine is on LaBine Point, an exposed rocky peninsula 
forming the northwest headland of Echo Bay (PI. 62). The land 
rises 100 to 150 feet above the lake, but 114 miles northeast it reaches 
650 feet. To the east, across LaBine Bay, is a 300- to 400-foot scarp 
which, except for one pronounced cleft, extends continuously north 
114 miles (Pls. 61 and 62). This scarp is formed partly by a dark- 
colored dike which dips gently east. 

The rocks are chiefly those of the Echo Bay group. On LaBine 
Island, off the end of the point, and on the east side of LaBine Bay 
and northward, are outcrops of the prominent gently-dipping sill-like 
dike previously described. Granite occurs on the southwest tip of 
LaBine Island and on small points and islands along the west shore 
of LaBine Point. 

The Echo Bay formations are so altered that at many places their 
original character is not determinable. Over much of the point the 
rock is hard, fine grained, massive, mottled reddish brown, pink, and 
greenish gray. Faint banding over areas of a few square feet indi- 
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cates that it is a sediment, probably argillite. Well-banded argillite 
and volcanic flow breccias occur here, and at the northwest corner 
of LaBine Island is a few feet of contorted much altered limestone. 

The alteration of these rocks consists in widespread feldspathiza- 
tion, either by recrystallization or by the introduction of new mate- 
rial, or by both, together with formation of chlorite, carbonates, 
magnetite, garnet (probably grossularite), biotite, white mica, pyrite, 
and actinolite. Uralite, antigorite, and epidote have been found in 
a few thin sections. Chlorite, carbonate, magnetite, and white mica 
(sericite or paragonite) occur in nearly all the rocks examined, in 
some abundantly. Biotite and magnetite are often closely associated, 
and pyrite and actinolite frequently are abundant together. Pyrite 
is sparsely disseminated at many places and abundant in some areas, 
where it has formed large rusty gossans. 

The alteration described in these rocks is not confined to this area. 
On the east side of LaBine Bay, feldspathization of the argillite is in 
places extensive. Also, on the Echo Bay claims to the northeast these 
minerals have developed extensively. It has generally been thought 
that this alteration of pyrometasomatic type, at LaBine Point, was 
caused by the adjacent granite, which crops out intermittently on the 
west side of the Point, and appears to be the edge of a large mass under 
the lake to the west. This inferred source of altering solution is open 
to considerable doubt. Elsewhere, similar granite has caused no such 
widespread or thorough alteration; at Dowdell Point the usual effect 
of granite intrusion on the invaded rock is baking and silicification. 
The nature and extent of the alteration is like that caused elsewhere 
by the granodiorite stocks. It seems probable, therefore, that a con- 
siderable part of the alteration of the LaBine Point rocks is caused 
by the granodiorite. This was confirmed in 1934, when an area of the 
granodiorite, scarcely 100 feet in diameter, was recognized on the east 
side of LaBine Bay. The extensive alteration indicates that it is prob- 
ably the extreme tip of a cupola. 

The granite on the west side of the Point is lithologically similar to 
the Dowdell Point granite. A fine-grained border phase occurs at the 
tip of the Point. Sharp-walled dikes of pink orthoclase-quartz aplite 
cut the main granite mass. 

STRUCTURAL GEOLOGY 

The general trend of the rocks is north and south, and the majority 
of the dips are west. On the east side of LaBine Bay the dips are 
east, the bay being on an anticlinal axis. Adjacent to the granite 
the rocks are contorted. 
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Fractures are numerous, and some are the loci of mineralization. 
On LaBine Point three main fracture and shear zones trend approxi- 
mately N. 65° E. and converge somewhat in that direction (Pl. 62). 
A less prominent set trends north and south. Minor fractures trend 
in various directions. The three main zones have been numbered from 
south to north, respectively, 1, 2, and 3. On an islet south of No. 1 
zone is a minor belt of fracturing called the “Island zone.” Zones 
1 and 2 dip steeply northwest, but No. 3 dips steeply south or is verti- 
cal. Four thousand feet east-northeast a scarp is broken by a gully 
which marks the probable extension of the belts in this direction 
(Pl. 62). 

On the west side of the Point is a set of faults with displacements 
of a few feet. 

The time of development of the fracture systems is known only 
within broad limits. The inception of the major zones post-dated 
the folding of the Echo Bay group. The apparently greater develop- 
ment of the pyrometasomatic suite of minerals adjacent to No. 2 zone 
than that in the other rock suggests that that structure began before 
or during the alteration. An aplite dike which trends across the 
southwest part of No. 2 zone is intersected by the zone, though not 
displaced. The small faults on the west side of the Point have dis- 
placed aplite dikes, but one is nearly contemporaneous with the dike, 
for the dike bends into the fault zone before pinching out. 

If the major zones correlate with the major northeast faulting of 
the region, there was probably considerable disturbance in them sub- 
sequent to the intrusion of the Dowdell Point granite, because the 
fault at Cameron Bay belonging to this system appears to displace the 
granite contact. 

The gently dipping dike probably post-dates most of the disturb- 
ance at LaBine Point. On LaBine Island no important fractures or 
shear zones comparable in intensity or magnitude to those in the older 
rocks were found in the dike. In other parts of the Echo Bay area, 
quartz veins up to one or two feet wide cut the dike, but these are 
of exceptional size. Ordinarily, the veins are only joint fillings of 
quartz and pink calcite up to one or two inches in width. 


MINERALIZATION 

No. 1 Zone.——Mineralization is chiefly in the three major zones. No. 

1 zone is a quartz vein stockwork with an exposed width up to 30 
feet. The veins frequently hold wall-rock fragments in various stages 
of digestion. The main filling is white or pale brown quartz with 
occasional rosettes of specular hematite. In places the quartz is frac- 
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tured and cemented by red hematite-stained quartz. A hanging wall, 
caused by later shearing, has developed in a limited section along the 
northwest side of the zone. In it two lenses of pitchblende have been 
mined. Specimens show that the pitchblende occurred in typical collo- 
form structures, in places brecciated and cemented by brown quartz. 
Also in the hanging wall are lenses of pale chalcopyrite several feet 
long, which are earlier than the shearing. Polished sections show that 
the pale color is due to swarms of relict pyrite grains. 

In this section, too, are small veins of distinctive type, which are 
later than the pitchblende and main quartz mineralization. The 
walls are of comb quartz, on which are coarsely crystallized cobalt- 
nickel minerals, which, in turn, carry chalcopyrite crystals. The re- 
maining space is filled with white to buff carbonate containing chal- 
copyrite and at some places crystalline native bismuth. The quartz 
and carbonate are nearly always present, but any or all the other 
minerals may be absent. 

A partial analysis of the buff carbonate gave the following per- 
centages: 


95.49 


The copper occurs as chalcopyrite, so 0.28 per cent is subtracted 
from the iron to combine with it. The remaining iron, calculated to 
FeO, is 3.69 per cent. The mineral is dolomite. 


No. 2 Zone.—No. 2 zone is distinctly different from the No. 1 zone. 
The metamorphism of the rocks has been especially intense along this 
zone so that locally the rock has abundant chlorite, magnetite, pyrite, 
and the other minerals of this association, scattered through it. The 
fracture zone measures up to 30 feet in width. Throughout the greater 
part it is a quartz vein stockwork like No. 1 zone, but at its north- 
east end quartz is absent, and the gangue is carbonate. Usually a 
narrow band of shearing forms the hanging wall of the zone, which 
dips steeply northwest. At one place in the northeast part a footwall 
shear is exposed. 
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Pitchblende occurs at close intervals along the hanging wall shear 
as lenses up to 40 feet long. Except in the northeast part it is inti- 
mately associated with brown quartz. In hand specimens this “pitch- 
blende” has a vitreous lustre, irregular to conchoidal fracture, dark 
brown color, hardness of 6+, and a specific gravity which varies with 
the proportion of quartz. The uranium content varies correspond- 
ingly. In the northeast part of this zone, and to a small extent in the 
middle section, the pitchblende without visible quartz forms seams 
up to an inch wide. It is in colloform masses, the crusts generally 
grown out from one wall, and has radial fracture, greenish gray to 
black color, and other typical properties. 

Sulphide mineralization is local. Chalcopyrite and galena occur 
disseminated in streaks and patches in country rock in those parts 
of the zone where magnetite, pyrite, and other members of the pyro- 
metasomatic suite of minerals are abundant. Polished sections show 
the chalcopyrite and galena replacing pyrite, and also the widespread 
occurrence of sphalerite and tetrahedrite, minerals not recognized 
megascopically. Galena and chalcopyrite occur in cracks in pitch- 
blende in the northeast part of the zone. 

Native silver is present at several places, especially in the northeast 
section of the zone. It accompanies a pink manganiferous carbonate 
and usually occurs where the disseminated galena-chalcopyrite min- 
eralization is extensive. It occurs (1) in tiny wires in the carbonate, 
(2) along the base of pitchblende slabs, and (3) as scattered wires 
or seams in wall rock. Partial analysis* of a sample of the carbonate 
gave the following per cent ratios: 


92.14 


The mineral is ferruginous rhodochrosite. The ore from the north- 
east part of the zone contains silver-copper and other silver minerals 
in some abundance as well as native silver, though these metallic 
minerals are visible only in polished sections. 

Cobalt and nickel are occasionally present in quartz veins similar 
to those of No. 1 zone. A few specks of native bismuth were seen 


3 Analyzed at Chemical Laboratories, Ore Dressing and Metallurgical Division, Mines Branch, 
Ottawa. B. P. Coyne, analyst. 
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in one of them. Considerable niccolite associated with rhodochrosite 
was present in a specimen, not located exactly but from the northeast 
section of this zone. 

At the surface, supergene alteration is extensive, especially where 
the gangue is rhodochrosite. Sooty and clinkery black manganese 
minerals, azurite and malachite, and green supergene uranium or 
uranium-copper minerals are the most abundant. Azurite is more 
common than malachite. Native copper in small amount, and prob- 
ably supergene, was seen in a single specimen. The amount of altera- 
tion decreases rapidly downward. This is especially marked in the 
northeast section, where at the surface supergene manganese minerals 
are very abundant, but at a depth of 25 feet the most pronounced fis- 
sures have only thin manganese films. Similarly, the supergene 
uranium minerals decrease rapidly downward. Native silver has been 
noticed on polished glaciated surfaces. 


No. 3 Zone.—No. 3 zone is very similar to No. 1 except that it is a 
single vein rather than a stockwork, and that in part it dips south. 
White quartz, with occasional vugs and specks of unidentified copper 
minerals, cements a breccia of wallrock. The vein-forming solutions 
at some stage must have been strongly oxidizing, for along the vein 
walls and through the rock fragments in the vein the color of the rock 
changes from greenish gray to brick red, presumably due to oxidation 
of iron. Locally, the south (hanging) wall of the vein has a band of 
shearing. A lense of pitchblende with brown quartz occurs in the band 
of shearing at one place. Apparently the shearing followed the forma- 
tion of the lense. 

Comb quartz and cobalt-nickel veins are present, one of them cut- 
ting the pitchblende lense. They differ from the other veins of that 
type in having the relative positions of quartz and cobalt-nickel 
minerals reversed: the quartz has grown on the cobalt-nickel minerals 
which form the walls. 

There are, also, a number of minor zones. The “Island zone” is a 
belt of anastamosing quartz veinlets with a later narrow central shear 
carrying copper, cobalt-nickel, and a little silver mineralization. A 
set of veins, nearly all of which branch from the northwest sides of the 
main zones, are simple white quartz veins with occasional small vugs, 
and chalcopyrite blebs in buff carbonate. Barren pink calcite veinlets 
of very late age, possibly related to the gently dipping dike, are not 
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MINERAGRAPHY OF ELDORADO ORES 
GENERAL STATEMENT 


Although much has been written concerning the mineralogy of the 
Eldorado ores, few of the descriptions have been based upon detailed 
microscopic study of polished surfaces. Many of the essential micro- 
scopic features. have been described by Kidd,‘ and Thomson,> and 
those specimens examined by H. J. Fraser, at Harvard University, by 
Spence.*® 

Microscopic study was undertaken primarily for the purpose of aid- 
ing in the development of a process for the extraction of radium and 
silver. In this paper the information which may be of value to the 
geologist and mining engineer has been stressed. 

A large number of specimens, from practically every part of the de- 
posit so far exposed, were available. H.S. Spence kindly placed the 
collections made by him in 1931 at the disposal of the Mineragraphic 
Laboratory of the Ore Dressing Division, and a number of important 
specimens were made available through the kindness of Gilbert LaBine. 
In addition, a large number of sections came from ore shipped to the 
Mines Branch for test treatment and from collections made by Kidd 
during 1931 and 1932. The sources of the 232 polished sections studied 
are shown in Table I. 

Most of the polished sections were mounted in bakelite and polished 
on metal laps, after the method developed at Harvard University, the 
superior polish thus obtained contributing in no small way to the de- 
termination of many of the mineral relationships. The identifications 
of the mineral species are based on all possible information; not only 
were the physical and optical properties, etching behavior, qualitative 
microchemical analysis, and quantitative chemical analysis (when 
sufficient material was available) used throughout, but in many cases, 
spectrography was also employed. In spite of this, certain ones had 
to be classified as “unknown minerals.” 

The following metallic minerals have been identified in the polished 
sections: Pitchblende, magnetite, hematite, “limonite,” arsenopyrite. 
pyrite, smaltite-chloanthite, safflorite-rammelsbergite, skutterudite, 
nickel-skutterudite, cobaltite, gersdorffite, glaucodot, nickeliferous 
léllingite, niccolite, polydymite, molybdenite, native bismuth, bornite, 


4D. F. Kidd: A pitchblende-silver deposit, Great Bear Lake, Canada, Econ. Geol., vol. 27, 
no. 2 (1932) p. 145. 

5 Ellis Thomson: Mineralogy of the Eldorado Mine, Great Bear Lake, N. W. T., Univ. Toronto 
Stud., Geol. Ser., no. 32 (1932). 

¢H. S. Spence: The pitchblende and silver discoveries at Great Bear Lake, Northwest Terri- 
tories, Canada Dept. Mines, Mines Branch, Invest. Min. Res. and Min. Ind., no. 3 (1931) p. 84. 
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chalcopyrite, chalmersite, tetrahedrite, freibergite, chalcocite, covellite, 
sphalerite, galena, stromeyerite, jalpaite, argentite, hessite, native 
silver, pyrolusite, psilomelane, and polianite(?). Five additional ones 
which could not be determined are listed as “unknown,” bringing the 
total number of metallic minerals recognized to forty. 

The non-metallic minerals which were identified in the polished sec- 
tions are necessarily few. These include quartz, dolomite, manganif- 
erous carbonate, barite, witherite(?), and the alteration products, 
malachite and azurite. 

PITCHBLENDE 

Distribution.—Pitchblende is by far the most abundant metallic 
mineral. It is present in 155 of the 232 sections, from more than 
twenty points in Nos. 1, 2, and 3 zones. It is not present in specimens 
from the “Island” zone. Chemical analyses of the shipments tested 
in the Ore Dressing Laboratories of the Mines Branch, Department of 
Mines, Ottawa, indicate its abundance in hand-cobbed ore from No. 1 
and No. 2 zones. The following is abstracted from a report by 
Traill: 


(Per 

cent) 
41.50 


Forms.—Pitchblende occurs in a variety of forms which will be de- 
scribed as distinct types, but which show all gradations. 

1. Botryoidal forms: Botryoidal forms are exhibited by much of 
the pitchblende, both in the narrow persistent seams noted by Kidd? 
and in larger mammillary and concentric forms (Pl. 63). These 
struetures have numerous radial fractures, filled by younger minerals. 

2. Colloform forms: Colloform forms of pitchblende up to a centi- 
meter or more in diameter are common. These often show typical 
botryoidal surfaces, and, depending upon the amount of gangue mate- 
rial in their centers, exhibit all gradations into the typical irregular 
“cellular” forms (PI. 64, figs. 1 and 2). 

3. “Cellular” forms (small ring-like structures commonly discon- 
nected): They are either of unsystematic, irregular, arrangement, or 


7D. F. Kidd: A pitchblende-silver deposit, Great Bear Lake, Canada, Econ. Geol., vol. 27, 
no. 2 (1932) p. 152. 
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are arranged in lines, regular. The irregular “cellular” or “ring” forms 
are common. They vary in diameter from less than a millimeter to 
several centimeters, but are more common in the smaller sizes. The 
thickness of their walls varies considerably (Pl. 64, figs. 2 and 3). 
Regular cellular patterns are rare. They usually have rather thin 
walls, a characteristic also of the dendritic forms (PI. 67). 

4. Dendritic forms: A few sections contain exceptionally well-de- 
veloped dendritic forms of pitchblende. In one, the pitchblende den- 


Taste I—Location and sources of the polished sections 


Location I* IIt III** Ivt Totals 
No. 2 zone, SW end............ 36 10 al a nae 65 
No. 2 zone, NE end........... 50 39 18 2 109 


* Specimens taken from ore shipped to the Department of Mines for test treatment. 
¢ Collected by D. F. Kidd during the summers of 1931 and 1932. 

** Collected by H. 8. Spence during the summer of 1931. 

? Donated by Gilbert LaBine. 


drites apparently follow a cubic pattern (PI. 67, fig. 2) ; in another, the 
pattern is quite irregular (Pl. 67, fig. 1); and in still another, well- 
formed skeletal cubes oriented point to point form parallel lines at 
right angles to a main “stem” in which are less well-developed cubic 
forms in the same arrangement (PI. 72, fig. 4). In a strikingly similar 
structure, the central portions of the pitchblende skeletons are filled 
with silver (Pl. 74, figs. 3 and 4). 

5. Spherulitic forms: Small spherulitic forms, usually less than 50 
microns in diameter, are rather common where the gangue is quartz, 
but they form only a very small percentage of the pitchblende. In 
Plate 65, figure 3, swarms of spherulites are shown in the quartz between 
the large botryoidal or brecciated forms; in Plate 65, figure 4, they are 
so abundant along certain lines that they tend to coalesce and to form 
structures strongly suggestive of the large botryoidal structures. 

6. Brecciated forms: Pieces which are undoubtedly the brecciated 
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fragments of botryoidal or colloform pitchblende are often present in 
the quartz (Pl. 65, fig. 1). These fragments and the unbrecciated 
forms have the same typical radial fractures. 

7. Vein forms: In some sections, particularly those from No. 3 zone, 
pitchblende occurs in long narrow persistent individuals which to the 
naked eye appear to be fissure veinlets. Under the microscope, how- 
ever, they are seen to be sinuous seams which possess well-developed 
botryoidal surfaces. They occur in, and roughly parallel to, the indis- 
tinct boundaries of narrow veins of quartz which cut what is appar- 
ently highly silicified country rock. Like pitchblende seen elsewhere, 
the mineral is fractured and there is locally a distinct tendency toward 
replacement by quartz which fills the fractures. Its mode of deposi- 
tion was, therefore, similar to that of the pitchblende of the other zones. 
In one section from No. 1 zone, a single structure, which might be in- 
terpreted as a veinlet, was seen in quartz. Fracturing and offsetting 
apparently took place before the final solidification of the quartz, be- 
cause no trace of this movement can be found in the adjacent matrix. 
It is doubtful, therefore, if this is a true fissure vein. 


Deposition—tThe botryoidal, colloform, “cellular,” and spherulitic 
forms consistently shown by the pitchblende are conclusive evidence 
of its colloidal deposition. The universal radial fissuring and the 
presence of numerous cracks described by Kidd ® as shrinkage cracks 
(Pl. 67, figs. 3 and 4) can best be interpreted as due to syneresis. 
They have been interpreted by Spence® as “. . . probably due to 
shrinkage caused by loss of mass through atomic disintegration of 
uranium. ...” The writers do not accept this explanation for the 
following reasons: (1) Microscopic traverses across botryoidal struc- 
tures of the pitchblende, where replacement or significant movements 
of the fragmented pieces are not in evidence, show that the pitchblende 
now forms about 86 per cent of the volume of the original structures; 
that is, there has been a loss in volume of approximately 14 per cent 
to account for the fissuring. (2) The highest Pb/U ratio reported by 
the Committee on Measurement of Geological Time is 0.287 in analysis 
#17, of material which contained galena and other sulphides.’° (3) 
The change from U with an atomic weight of approximately 207 in- 
volves a loss of mass of about 13 per cent. Therefore, the approximate 


8 Ibid. 

® H. S. Spence: Character of the pitchblende ore from Great Bear Lake, N. W. T., Can. Min. 
Jour., vol. 53, no. 11 (1932) p. 483. 

© Reports of Committee on the measurement of geological time; A. C. Lane, chairman. Wash- 
ington, D. C. 
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loss of mass of the pitchblende in the sample showing the highest 
Pb/U ratio from the Eldorado mine would be of the order of 2 per cent. 
Should this loss of mass involve a similar loss of volume, then its 
maximum magnitude would be approximately 2 per cent. (4) In the 
siliceous ore, quartz forms practically all of the fissure fillings. All evi- 
dence indicates that this quartz was emplaced practically contem- 
poraneously with, or slightly after, the consolidation of the pitchblende. 
There was, thus, only a comparatively short lapse of time between the 
deposition of the pitchblende and the introduction of quartz, which 
reduces the possible loss of volume caused by atomic disintegration of 
the uranium to only a small fraction of 2 per cent, because the latter 
figure was arrived at by assuming disintegration to have taken place 
from the time of deposition to the present. It is believed, therefore, 
that the explanation of the origin of these fissures on the basis of 
volume loss through atomic disintegration is untenable, and that the 
colloidal phenomenon of syneresis caused them. 

Further evidence of colloidal origin of the pitchblende are the numer- 
ous tiny spherulites in quartz. They are apparently younger than the 
larger forms (PI. 66, fig. 4) but were probably formed while both the 
quartz and the pitchblende were in a gel state. They are forms which 
would normally be expected to develop through nucleation and col- 
loidal coagulation during the waning stages of the pitchblende minerali- 
zation, when the solutions were becoming depleted in pitchblende mole- 
cules. Furthermore, since in some places these spherulites have 
coalesced to form structures similar to the larger forms, it seems highly 
probable that the latter have resulted from growth around such 
nuclei in the earlier stages, while the solutions were still rich in pitch- 
blende molecules. 


Relationships to other minerals—Pitchblende was not found replac- 
ing or including any older minerals. Evidence of earlier minerals is in- 
direct. In No. 3 zone, quartz veinlets which contain pitchblende cut 
country rock which contains disseminated crystals of a hard white 
anisotropic arsenide, possibly arsenopyrite, and the country rock 
around the deposit also contains magnetite. The relations of the 
pyrite also favor placing it as earlier than the pitchblende. Quartz, 
with which pitchblende is most closely associated, is essentially con- 
temporaneous, finally consolidating from the gel slightly later than 
the pitchblende. The remaining metallic minerals, as well as the car- 
bonates, are undoubtedly later than the pitchblende, as may be seen in 
many of the photomicrographs, particularly Plate 65, figure 2; Plate 
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66, figure 1, and Plate 73, figures 1 and 2, which show successive stages 
in the replacement of original colloform or large spherulitic structures 
of pitchblende, first by the sulphides and then by carbonate. 


Variations —In the early stages of the investigation into methods 
of recovery of radium from the pitchblende ores of the Eldorado mine, 
Traill ** noted variations which could be accounted for only by as- 
suming that there exists a variation in the composition or properties of 
the pitchblende. In order to determine whether these phenomena were 
due to variation in the UO:/UO: ratio, samples were submitted to the 
Chemical Laboratory of the Ore Dressing Division for analysis. 


Taste II —Analyses of and UO; contents of bulk samples of pitchblende ore 
from the Eldorado Mine 


Location U0; | UO, | sid, | U0/U0 
ratio 

7.84 | 50.05 1.10 10/64 

3.67 | 47.51 2.30 10/130 

No. 2 zone, pits #2 and #6.............. 29.80 | 10.70 | 35.90 10/3.57 
ye 32.49 | 10.40 | 31.50 10/3.1 
Bio, Some; ..... 23.73 5.90 | 53.48 10/2.5 

27.53 | 11.19 | 40.70 10/4 

er 32.69 | 10.80 | 34.10 | 10/3.3 


* Highly oxidized material. 


Coyne *” carried out the investigation and developed a method by 
which this ratio could be determined. His results are shown in Table 
II, and are for bulk samples from various points in the deposit. 

The table shows a wide variation in the UO:/UO: ratios of the bulk 
samples. The high UO: proportion in some samples may be caused by 
inclusion of oxidized surface material. 

Meanwhile, the study of the polished sections had demonstrated 
that the pitchblende varies considerably in its properties, two distinct 
kinds being observed which were designated I and II. In order to 
determine the UO:/UO: ratios, samples of I and II were drilled from 
polished surfaces and analyzed. The results are shown in Table III. 


1 Personal communication. 
22B. P. Coyne, chemist, Ore Dressing Division, Mines Branch, Department of Mines, Ottawa. 
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Pitchblende I.—Pitchblende I is a hard dense mineral which gives a 
black powder. In polished sections it appears to be homogeneous, and 
takes a good polish. Its etching reactions are shown in Table IV. 
It occurs in all the described characteristic forms and is most promi- 
nent in the high silica type of ore. This checks with the UO,/UO, 
ratios and the silica content of the bulk samples in the analyses in 
Table II, since pitchblende I is high in UO,. It is present to some ex- 
tent in all the sections which contain pitchblende. 


Pitchblende II.—Pitchblende II is comparatively soft and gives a 
greenish-gray powder. Under the microscope it is seen to take a very 


Tasty III—UO:/UO; ratios of pitchblendes I and II* 


Approx. | Approx. | UO:/UO; 
UO, UO; ratio 
% % 


* Analyses by B. P. Coyne. 


poor polish ** and appears to be finely porous. Table IV shows that 
although it is usually more actively attacked, it is etched by prac- 
tically the same reagents as is pitchblende I. Typical pitchblende II 
occurs only in samples from the northeast end of No. 2 zone, where the 
gangue is largely carbonate. Here it forms part of the various struc- 
tures typical of pitchblende I. It is positively an alteration product 
of pitchblende I. The boundaries between the two types are sharp, 
and the relationships at some places suggest the replacement of pitch- 
blende I by pitchblende II (PI. 66, fig. 3). In other sections, where 
alteration does not appear to have progressed so far, pitchblende II is 
not as soft nor as dark-colored, and alteration has worked outward 
from small fractures and veinlets which contain carbonate and later 
sulphides (PI. 66, fig. 2). 

Sections from No. 1 zone and the southwest end of No. 2 zone, 
where the gangue is siliceous, do not show typical pitchblende II, but 
in a few the pitchblende varies considerably in hardness and color. 
The slightly softer and darker portions are more readily attacked by 


18 This is the material mentioned by Kidd. [D. F. Kidd: A pitchblende-silver deposit, Great 
Bear Lake, Canada, Econ. Geol., vol. 27, no. 2 (1932) p. 152.] 
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reagents, and are regarded as intermediate stages in the alteration of 
pitchblende I to pitchblende II. In the pitchblende of the northeast 
end of No. 2 zone, where the gangue is chiefly carbonate, a variation in 
degree of alteration was also observed, and it is possible that in the 
deposit as a whole all degrees of alteration are represented, with the 
members nearer pitchblende I predominating in the siliceous type of ore 
and those nearer pitchblende II predominating: in the carbonate type. 


Pitchblende III.—Pitchblende III has been distinguished from pitch- 
blende I only because it is definitely younger than pitchblende II. Its 
appearance in polished section, its hardness and etching behavior, are 
all very similar to those of pitchblende I, and although sufficient mate- 
rial for a chemical determination could not be collected, it is probably 
safe to infer from its properties that it resembles pitchblende I in com- 
position and is relatively high in UO,. It was seen only in specimens 
from the northeast end of No. 2 zone, where it forms narrow border 
zones along late minute fractures in pitchblende II (Pl. 66, fig. 4). 
These fractures are apparently the loci of alteration from pitchblende 
II to pitchblende III. The amount of pitchblende III in the ores is 
probably very small. 


Radwgraphs of the ore and their significance —Spence '* has pub- 
lished*some excellent radiographs of polished sections of the ore, and 
his figure 8 illustrates particularly well the difference in radioactivity 
between the outer and the inner portions of a botryoidal crust. His 
specimen is from the northeast end of No. 2 zone and has a carbonate 
gangue. Alteration from pitchblende I to pitchblende II advances 
outward radially along fractures extending from the “bases” of the 
botryoidal forms. It has been shown that pitchblende II is lower in 
UO,, hence lower in U, than pitchblende I. As the ratio of radium to 
uranium is constant, pitchblende IT is lower in radium than is pitch- 
blende I. It is therefore inferred that the difference in radioactivity 
shown in the radiograph is caused by the presence of both types of 
pitchblende and that the brighter portions are high in pitchblende I, 
the darker high in pitchblende II. The very bright and apparently 
very highly radioactive veinlets and dots in the pitchblende, shown 
by the radiographs, were not investigated by the writers. The only 
uranium minerals seen as veinlets in pitchblende are the brightly- 
colored supergene uranium minerals which are known to be highly 
radioactive. 


4H. 8S. Spence: Character of the pitchblende ore from Great Bear Lake, N. W. T., Can. Min. 
Jour., vol. 53, no. 11 (1932) p. 483. 
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Origin.—All of the older pitchblende seen was pitchblende I, and 
pitchblende II is always an alteration product of I. Goldschmidt and 
Thomassen ** found that in pitchblende occurrences the first pitch- 
blende deposited is probably in the form of UO,. The analyses of the 
Eldorado pitchblende show a variable composition, with pure UO, 
probably absent, and with UO,/UO, ratios ranging from 45/10 to 1/10, 
or perhaps even more widely. The ratio in any particular sample is 
probably dependent upon the degree of alteration or oxidation. 

The tendency toward the oxidation of pitchblende I to pitchblende 
II is strongly marked only in the portion of the deposit where the 
gangue is chiefly carbonate. Hematite and quartz are the earliest 
minerals which vein the pitchblende. The hematite testifies to the 
presence of oxygen, both in the late stage of quartz mineralization and 
in the early stages of the carbonate mineralization. The principle 
can be expressed by the reaction 2FeO + UO, + O, <= Fe.0; + UOs. 
Furthermore, the introduction of the carbonate in the early stages of 
this mineralization may have supplied oxygen ** because the pitch- 
blende in the carbonate is high in UO, and low in UO,. The most 
active oxidation of the early-formed pitchblende I to pitchblende II, 
therefore, probably coincides with the early stages of introduction of 
carbonate. 

The origin of pitchblende III is less clear. As the tiny fractures, 
which guided the altering solutions are cut by later sulphide veinlets, 
the reduction of the pitchblende II to the inferred high-UO, pitch- 
blende III must have taken place after the early stages of carbonate 
mineralization and before the end of sulphide deposition. Solutions 
which contain unoxidized sulphur, and which are actively depositing 
sulphides, exert a reducing action on oxides. Butler has suggested 
the reducing action of solutions during the sulphide mineralization 
stage.17 It seems reasonable to date the formation of pitchblende III 
with the deposition of the sulphides. 

Although the amount of pitchblende III is small, it indicates that 
reducing, as well as oxidizing, agencies have effected changes in the 
pitchblende, and such changes have contributed materially to the com- 
plexity of the ore. 


15 V. M. Goldschmidt and L. Thomassen: Oryde von Uran, Thorium und Cerium, Skrifter udg. 
af Videnskabsselskabet, Kristiania (1923) p. 42, 43. 

16 B. 8. Butler: Some relations bet orygen mi Is and sulphur minerals in ore deposits, 
Econ. Geol., vol. 22, no. 3 (1927) p. 241. 

17 Op. cit., p. 240-241. 
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IRON MINERALS 


Magnetite—Magnetite is widespread in the country rocks of the 
deposit but is rare in the polished sections. It was identified in only 
six, five of which are from the southwest end of No. 2 zone. Here it 
occurs as small irregular grains in a dark silicate gangue apparently 
representing highly altered country rock; it is in some cases rimmed 
by hematite and cut by veinlets of chalcopyrite. The sixth section is 
from a point about 600 feet northeast of the narrows in the lake at 
the northeast end of the No. 2 zone (Dumbell Lake); here finely 
granular and massive magnetite in silicates has been penetrated and 
actively replaced by hematite (Pl. 68, fig. 3). 

The widespread presence of magnetite in the rocks at LaBine Point 
has previously been noted, but it is practically absent from the 
gangue closely associated with the pitchblende than which it is 
definitely older. 


Hematite——The local occurrence of abundant hematite in No. 1 zone 
has been noted. Large amounts of the mineral were not seen in the 
polished surfaces. Although it was identified in small amounts in 70 
of the sections examined, except in those from No. 1 zone, it is only 
sparingly present. In the sections from No. 2 zone, hematite occurs 
as narrow veinlets in pitchblende and as narrow discontinuous linings 
or shattered grains along the walls of veinlets of copper, lead, and sil- 
ver sulphides, and carbonate cutting both pitchblende and gangue 
(Pl. 69, fig. 2). It is in some cases veined by later sulphides. Hema- 
tite and quartz, therefore, appear to be the earliest minerals which 
have veined the pitchblende. Specimens from the adit level and the 
northeast end of No. 2 zone contain numerous small spherulitic struc- 
tures which are rich in hematite, often in a sub-microscopic state of 
division (Pl. 76, figs. 1 and 2). In some of these structures, concentric 
bands of massive hematite are partially replaced by gangue which 
contains fine hematite “dust”; in others, various copper and silver 
minerals have invaded them (PI. 75, fig. 4; Pl. 76, figs. 3 and 4). 

One section from the Island zone contains small needles of hematite 
in both gangue and chalcopyrite; a specimen from 600 feet northeast 
of the narrows in Dumbell Lake contains a large amount of hematite 
which has veined and partially replaced magnetite (PI. 68, figs. 3 and 4). 

The relationships indicate that hematite was formed later than the 
pitchblende and probably earlier than most of the carbonate gangue 
and the copper-silver mineralization. Where it is closely associated 
with the pitchblende, it is either a late member of the pitchblende- 
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quartz mineralization, an early representative of the carbonate min- 
eralization, or both. 


Pyrite—Pyrite, though not abundant, is widespread. It is promi- 
nent in sections from No. 1 zone and the southwest end of No. 2 zone, 
where it commonly occurs as residual “islands” in chalcopyrite, a mode 
of occurrence which was also seen in a section from a point 600 feet 
northeast of the narrows in Dumbell Lake (Pl. 68, fig. 4). At one 
place in the latter section the presence of pyrite and magnetite as small 
irregular grains in a silicate gangue, suggests a common origin, simi- 
lar age, and deposition before the pitchblende. Small amounts of 
pyrite in the pitchblende zones are due to its ability to withstand the 
attack of mineralizing solutions or else some of the pyrite was deposited 
after the pitchblende and before the chalcopyrite. 


Arsenopyrite—Arsenopyrite was identified positively in only six 
sections from No. 1 zone, the northeast end of No. 2 zone, and the 
Island zone. Identification was based upon microchemical analyses, 
because certain of the cobalt-nickel minerals are indistinguishable 
from arsenopyrite by ordinary tests. The white anisotropic arsenide 
in altered country rock in one section from No. 3 zone may be arsenopy- 
rite. 

In No. 1 zone, arsenopyrite occurs as small irregular or diamond- 
shaped grains in quartz which in one case veins pitchblende and in 
another case forms comb crystals on the walls of veinlets which con- 
tain smaltite-chloanthite along their central portions. In a section 
from the northeast end of No. 2 zone it is present as small irregular 
grains and stringers in silicates, and is intimately associated with, and 
presents crystalline boundaries against, pyrite; it is here veined by 
carbonate, sphalerite, and chalcopyrite. Similarly, in sections from 
the Island zone it occurs as fine stringers and disseminated grains in 
silicates and is intimately veined by chalcopyrite. 

Like pyrite, the position of arsenopyrite in the paragenesis is some- 
what obscure. It is earlier than smaltite-chloanthite and in one case 
apparently later than pitchblende. On the other hand, it occurs most 
prominently in silicates, as does pyrite. It is possible that most of the 
arsenopyrite was contemporaneous with the pyrite. 


Limonite—A small amount of “limonite” is present along narrow 
late fissures in a few sections from near the surface. It is of super- 
gene origin. 
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COBALT-NICKEL MINERALS 


Safflorite-rammelsbergite.—Minerals belonging to the safflorite-ram- 
melsbergite series (safflorite—CoAs,; rammelsbergite—NiAs,) were 
identified in sections from No. 1 zone, southwest end of No. 2 zone, and 
the Island zone. The identification of these minerals was difficult and 
was based chiefly upon microchemical and spectrographic analyses. 
Since quantitative analyses would be necessary to determine definitely 
the ratios of CoAs, to NiAs, and to fix the positions of the individual 
specimens in the series, they are grouped as “safflorite-rammelsbergite.”’ 
It was, however, possible to estimate roughly the relative quantities of 
Co and Ni in the microchemical and spectrographic analyses; and these 
estimates, as well as the properties of the minerals under the micro- 
scope '® indicate that there are considerable differences in the 
CoAs,/NiAs, ratios. At least two members of the series were seen in 
sections from the Island zone; one is apparently the nickel end-mem- 
ber of the series, rammelsbergite, and the other is a nickel-rich 
cobalt-bearing intermediate member near rammelsbergite in composi- 
tion. The members of the series in sections from No. 1 zone and the 
southwest end of No. 2 zone are of intermediate composition with Co 
and Ni in about equal proportions, although showing some variation. 
In sections from No. 3 zone the safflorite-rammelsbergite is relatively 
high in cobalt and thus approaches safflorite in composition. This in- 
dicates the possibility that from southeast to northwest, from the 
Island zone to No. 3 zone, the composition of the safflorite-rammelsberg- 
ite changes from the Ni-rich to the Co-rich members, but the number 
of specimens investigated was not sufficient to establish this relation- 
ship definitely. 

Safflorite-rammelsbergite occurs most commonly as small clusters 
and rosettes of tiny crystals in quartz, as shown in sections from No. 1 
zone and the southwest end of No. 2 zone. In one section from No. 1 
zone it forms the earliest filling of small vugs in quartz, which also 
contain smaltite-chloanthite. The quartz carrying safflorite-rammels- 
bergite commonly veins and forms the matrix of fragments of pitch- 
blende. One section from No. 3 zone contains a large mass of Co-rich 
safflorite-rammelsbergite, which is veined and intimately replaced by 
native bismuth which is, in turn, veined by quartz. The nickel end- 
member, rammelsbergite, of the Island zone, is massive and contains 
veinlets of quartz and copper minerals (PI. 69, fig. 3). The Ni-rich 
member from the same zone forms dendritic growths of skeletal crystals 


12H. Schneiderhéhn and P. Ramdohr: Lehrbuch der Erzmikroskopie, vol. 2 (1981) p. 210. 
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in carbonate (Pl. 67, fig. 4). The central portions of some of these 
skeletal crystals have been partially or wholly occupied by native sil- 
ver (Pl. 74, fig. 1), and carbonate has corroded and replaced safflorite- 
rammelsbergite to a slight extent. 

The safflorite-rammelsbergite is later than the pitchblende, of the 
same age as some of the quartz, and earlier than smaltite-chloanthite, 
carbonate, copper minerals, and native silver. 


Smaltite-chloanthite—Members of the smaltite-chloanthite series 
(smaltite—CoAs,; chloanthite—NiAs,) defied attempts at differ- 
entiation between them and they are considered under the series name. 
Smaltite-chloanthite is of restricted occurrence and though it has been 
reported, by Spence,’® from No. 1 and No. 3 zones and by Kidd *° 
from No. 1 zone, it was observed microscopically in only four sections 
from No.1 zone. Two specimens collected by Spence show the min- 
eral prominently. It occurs as a selvage deposited against earlier 
comb quartz. Narrow parallel zones, located toward the outer (depo- 
sitionally later) boundary, are more susceptible to the attack of 
1:1 HNO, (PI. 68, fig. 1). Microchemical and etch tests indicate that 
these more easily etched bands are richer in cobalt than the unattacked 
portions, and that they are either nickel-skutterudite or the components 
of a mix-crystal composed of members of the smaltite-chloanthite series. 
Skutterudite has been deposited directly on the crystal boundaries of 
the smaltite-chloanthite, and both are traversed by narrow veinlets of 
cobaltite. Arsenopyrite (?) occurs very sparingly as small crystals 
in the early quartz on which the smaltite-chloanthite selvages have 
been deposited. 

Another section contains small crystals with diamond-shaped cross- 
sections the central portions of which give etch reactions for smaltite- 
chloanthite; a narrow outer border zone is composed of concentric 
parallel bands of which each alternate band is easily attacked by 
1:1 HNO,. The fourth section contains vugs in which this mineral 
forms the central filling, deposited on the lining of safflorite-rammels- 
bergite. 

The smaltite-chloanthite is younger than pitchblende, safflorite-ram- 
melsbergite, and most of the quartz. Late in the deposition of the 
smaltite-chloanthite there was apparently rhythmical deposition of 
either a Co-rich member of the series or nickel-skutterudite with the 


19H. 8. Spence: The pitchblende and silver discoveries at Great Bear Lake, Northwest Terri- 
tories, Canada Dept. Mines, Mines Branch, Invest. Min. Res. and Min. Ind., no. 3 (1931) p. 88. 

2D. F. Kidd: A pitchblende-silver deposit, Great Bear Lake, Canada, Econ. Geol., vol. 27, 
no. 2 (1932) p. 155. 
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development of zonal intergrowths. Deposition of skutterudite fol- 
lowed directly upon this intergrowth. 


Skutterudite and nickel-skutterudite—Skutterudite (CoAs,) was 
identified in sections from No. 1 zone where, as described in the pre- 
ceding section, it is intimately associated with smaltite-chloanthite. 
One additional section contains a large area of massive skutterudite 
which is penetrated by a network of fine quartz veinlets containing a 
small amount of native bismuth. One crystalline boundary of the 
skutterudite against quartz and dolomite was preserved in the sec- 
tion; along this lies a narrow zone of a hard, white mineral which was 
not identified. 

Nickel-skutterudite was not positively identified, but some of the 
zones of the smaltite-chloantite intergrowth may be composed of this 
mineral. 

The deposition of skutterudite succeeded that of the smaltite- 
chloanthite and preceded that of the cobaltite, native bismuth, some of 
the quartz, and the carbonate. 


Glaucodot.—Glaucodot, because of its similarity to arsenopyrite in 
appearance, mode of occurrence, and optical and etching behavior, 
was difficult to determine except with the aid of microchemical or spec- 
trographic analyses. The mineral was identified with reasonable cer- 
tainty in three sections from No. 1 zone and in eight sections from the 
southwest end of No. 2 zone. Small crystals tentatively identified as 
glaucodot were seen in seven additional sections from these two locali- 
ties. 

It occurs as tiny crystals of rhombohedral cross-section in quartz, 
which usually forms the matrix of brecciated fragments of pitchblende 
or which occurs as veinlets cutting pitchblende. Clusters of tiny crys- 
tals (Pl. 68, fig. 2) were seen so frequently that they are regarded as 
typical occurrences of the mineral in these ores. 

Very little direct evidence concerning the paragenetic relationships 
of glaucodot was obtained. All that can be said is that it was deposited 
after the pitchblende and before the carbonate. 


Cobaltite——Cobaltite was identified in two sections from No. 1 zone 
and in one section from the southwest end of No. 2 zone. Small grains 
with properties very similar to those of cobaltite were seen in nine 
other sections from these localities and in three sections from the 
northeast end of No. 2 zone. 

Fine veinlets of the mineral cut smaltite-chloanthite and skutteru- 
dite (PI. 58, fig. 1) and are, in turn, cut by veinlets of quartz. One sec- 
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tion from the southwest end of No. 2 zone shows rare small remnants 
of the mineral in siliceous gangue. 

Small corroded grains, or remnants, of a mineral very sparsely pres- 
ent in the quartz of No. 1 zone and the southwest end of No. 2 zone are 
doubtfully identified as cobaltite. In sections from the northeast end 
of this zone its identification is even more uncertain. 

Cobaltite is relatively unimportant in the Eldorado ores. Where 
positively identified the mineral is definitely later than smaltite- 
chloanthite and skutterudite and earlier than the last of the quartz 
deposited. 


Gersdorffite —Gersdorffite (NiAsS) is rare and was identified in only 
four sections from the southwest end of No. 2 zone. It occurs as small 
clusters of crystals in quartz which veins pitchblende, and in one place 
was seen to enclose a small fragment of pitchblende. It may only be 
said that its deposition accompanied that of the quartz, which is 
younger than the pitchblende. 


Polydymite——Polydymite (Ni,S,) occurs sparingly in four sections 
from the northeast end of No. 2 zone, as small irregular corroded grains 
in carbonate and chalcopyrite, and possibly in tetrahedrite; a few 
small grains of a similar mineral could not be positively identified. 

The age relations are obscure, but it is probably older than the car- 
bonate and the copper-silver mineralization. 


Léllingite —Lllingite (FeAs, with some CoAs, and NiAs,), because 
of its close resemblance to arsenopyrite and glaucodot, could not be 
determined with certainty except in two sections from the northeast 
end of No. 2 zone. One of these contains a tiny twinned crystal in 
carbonate, and the other shows tiny crystals of nickeliferous léllingite 
intimately associated with small clusters of tiny crystals of arsenopy- 
rite (?)._ The arsenopyrite (?) gives a negative, the léllingite a posi- 
tive, microchemical reaction for nickel. Two sections from the south- 
west end of No. 2 zone contain tiny crystals which may be ldllingite, 
in quartz which veins pitchblende. 

Léllingite is probably very rare in the ores of the Eldorado mine, and 
both its identification and its age relationships are more or less uncer- 
tain. 


Niccolite-—Niccolite (NiAs) was seen in only one section from the 
northeast end of No. 2 zone. It occurs in rather prominent grains, 
which consist of a mass of irregular interlocking grains apparent only 
under crossed nicols. These areas form “lakes” which are bordered 
by remnants of tetrahedrite and a light cream-colored, moderately 


ig 


MINERAGRAPHY OF ELDORADO ORES 911 


anisotropic mineral, possibly belonging to the cobalt-nickel mineral 
group; these remnants form the “bays” of the “lakes” of niccolite. 
The niccolite contains corroded remnants of carbonate, tetrahedrite, 
and the unknown cream-colored mineral, all of which it has replaced. 
This occurrence of niccolite places its age as later than the early car- 
bonate and tetrahedrite. 


Unidentified cobalt-nickel minerals.—In addition to the unknown 
cream-colored mineral a number of hard white isotropic and anisotropic 
minerals were seen in sections from the northeast end of No. 2 zone. 
The character of the material is such that they could not be determined, 
but they are thought to belong to the cobalt-nickel mineral group. 


Summary.—The occurrences and the relationships of the more im- 
portant cobalt-nickel minerals from the Eldorado mine indicate a 
general sequence of deposition, beginning with the nickel-rich mix- 
tures and continuing through to the cobalt-rich mixtures, in the fol- 
lowing order: Safflorite-rammelsbergite, Smaltite-chloanthite, Nickel 
skutterudite (?), Skutterudite, Cobaltite. 

All are accompanied by quartz which is younger than pitchblende. 
The positions of the rarer cobalt-nickel minerals are not definitely in- 
dicated, other than that, with the exception of niccolite and the unde- 
termined group, they accompanied quartz. 


NATIVE BISMUTH 
Native bismuth was identified in only four sections from No. 1 zone 
and in one from No. 3 zone. In the section from No. 3 zone and in one 
from No. 1 zone it has invaded and replaced safflorite-rammelsbergite. 
The bismuth in the section from No. 3 zone contains a series of parallel 
lenticular plates which are probably witherite (barium carbonate), 
and narrow veinlets of quartz cut across the bismuth and witherite. A 
second section from No. 1 zone contains small grains of bismuth in 
quartz veinlets which cut skutterudite and which are earlier than car- 
bonate (ferruginous dolomite). In a third section from No. 1 zone, 
bismuth occurs in narrow irregular veinlets (Pl. 69, fig. 1) along the 
walls of which are irregular remnants of a light gray mineral (un- 
known mineral No.5). In the fourth section from No. 1 zone a tongue 
of native bismuth, accompanied by carbonate, penetrates quartz; the 
bismuth contains replacement remnants of chalcopyrite and sends 
short pointed tongues into the quartz. 
The relationships indicate that the native bismuth (1) is consist- 
ently later than the quartz which cuts pitchblende; (2) accompanies 


4 
7 : 


912 =v. F. KIDD AND M. H. HAYCOCK—ORES OF GREAT BEAR LAKE 


quartz which is later than safflorite-rammelsbergite, smaltite-chloan- 
thite, and skutterudite; (3) replaces safflorite-rammelsbergite; (4) is 
earlier than witherite; (5) is earlier than at least some of the quartz; 
(6) is accompanied by carbonate; (7) is later than some of the chal- 
copyrite. Native bismuth, therefore, takes an important position in 
the paragenesis of the ores, because it has been deposited in both quartz 
and carbonate, and (on microscopic evidence alone) is probably the 
only mineral whose deposition began during the waning of the quartz 
mineralization and continued until after the beginning of the car- 
bonate and chalcopyrite deposition. The deposition of hematite may 
be a parallel case. 
MOLYBDENITE 

Molybdenite is present in very small amount and was seen in only 
five sections from No.1 zone. It occurs consistently as narrow vein- 
lets in pitchblende which is contained in, and veined by, quartz, but it 
was not found to vein the quartz, or vice versa. 

Its position in the paragenesis is not established, but it seems prob- 
able that it preceded the final consolidation of the quartz, since it was 
not found in this gangue. 

SPHALERITE 

Sphalerite, though rather widely distributed, is present only in small 
quantities. It was seen in one section from No. 1 zone, nine from the 
southwest end of No. 2 zone, thirty-five from the northeast end of No. 
2 zone, and two from the Island zone. It was abundant only in a few 
sections from the northeast end of No. 2 zone. 

It is associated with carbonate, galena, and the copper minerals. It 
commonly occurs as small corroded grains in galena, tetrahedrite, or 
chalcopyrite, though it may be present as remnants in any of the later 
sulphides. It shows little corrosion by galena and tetrahedrite, but 
often has been strongly attacked by chalcopyrite and the later sul- 
phides. In one instance it is veined by galena. 

The consistent relationships indicate that the deposition of sphaler- 
ite took place at the beginning of the carbonate-copper-silver minerali- 
zation period, and that it is slightly older than galena and tetrahedrite, 
and definitely older than chalcopyrite. 


GALENA 


Galena is present in many sections, but was not identified in any 
from No. 3 zone or the Island zone. It is very abundant locally in sec- 
tions from the northeast end of No. 2 zone, is less prominent in those 
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from the other end of this zone, and is still less so in those from No. 1 
zone. The percentage of polished sections containing galena from 
these three localities indicates to some extent the distribution of the 
mineral, and is shown in Table V. As a basis for the discussion of the 
importance of galena in determining the Pb/U ratios, these ratios are 
also given. 


Taste V.—Number and percentages of polished sections from various localities, 
which contain galena, and the Pb/U ratios 


No. of Sections 
sections containing | Pb/U 
Localities containing galena ratio* 
galena (in per cent) | 
owes 6 out of 30 20 . 2086 
No. 2 zone, southwest end.............. 29 out of 65 45 .2120 
No. 2 zone, northeast end.............. 70 out of 117 60 . 2620 


* Approximate Pb/U ratio calculated from the bulk analyses of pitchblende samples. The 
lead present in the form of galena has been included in this calculation. 


The relationships of the galena are very consistent throughout the 
deposit. In No. 1 zone it is in narrow carbonate veinlets cutting across 
quartz and pitchblende. These veinlets contain, in addition to galena, 
varying amounts of chalcopyrite and chalcocite, and, more rarely, 
bornite. The carbonate is often very minor in amount, and in many 
cases Veinlets of galena alone appear to cut the pitchblende; upon ex- 
amination with high powers, however, a certain amount of associated 
carbonate is always found. The same relationships are shown in sec- 
tions from the southwest end of No. 2 zone (PI. 63, figs. 3 and 4), 
but in this zone toward the northeast both galena and carbonate be- 
come more abundant. In sections from the northeast end of No. 2 
zone, irregular patches and veinlets of apparently homogeneous galena, 
when etched with 1:1 HNO,, are seen to possess narrow border zones 
which are only slightly attacked by the reagent even after continued 
application (Pl. 70, fig. 1) The character of these border zones and 
the reason for their existence are not known, but their occurrence along 
cleavage cracks in the galena shows that they are due to agencies opera- 
tive subsequent to its deposition. Border zones of a similar type, but 
composed of argentite and, more rarely, hessite, are not uncommon. 
Those border zones which cannot be distinguished from galena except 
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after etching with 1:1 HNO, may represent partial alteration or a 
transition stage in the replacement of galena by argentite or hessite. 

The veinlets of galena in pitchblende in sections from the southwest 
end of No. 2 zone contain remnants of hematite and sphalerite. The 
many sections from the northeast end of the zone show clearly the rela- 
tionships of galena to the copper and silver minerals. Tetrahedrite, a 
common associate of galena, forms with it an irregular intergrowth 
which suggests contemporaneous deposition. In many cases the same 
is true of the galena-bornite relationships, but in several cases, tongues 
and short veinlets of bornite extend into the galena. The galena-tetra- 
hedrite intergrowth shows marked replacement by chalcopyrite, and 
galena is commonly present in chalcopyrite as small irregular cor- 
roded grains, or remnants. Galena has been replaced to a consider- 
able extent around the borders of grains and along cleavage cracks by 
argentite and hessite (Pl. 70, fig. 2), and often such border zones are 
rich in covellite; the covellite border zone is probably caused by the 
replacement of argentite by this mineral, since argentite is often par- 
tially replaced by it. 

The position of galena in the paragenesis is well established. It is 
slightly younger than sphalerite, practically the same age as tetra- 
hedrite, slightly older than most of the bornite, and definitely older 
than chalcopyrite and the remaining copper and silver minerals. 

It is certain that the galena in the Eldorado ores has been deposited 
during a definite stage of hypogene mineralization, and it is equally 
certain that its constituents were introduced with hydrothermal solu- 
tions from an extraneous source. The lead contained in the galena 
has not been derived from the atomic disintegration of the uranium 
in the pitchblende in situ. The variation in the approximate Pb/U 
ratios shown in Table V bears out this view. The widespread occur- 
rence of small quantities of galena in microscopic grains intimately as- 
sociated with pitchblende in the Eldorado ores makes it practically im- 
possible to obtain a pure sample of the latter. This must be taken into 
consideration when using the lead-uranium ratio for determining the 
age of the deposit. 

COPPER MINERALS 

Tetrahedrite—Tetrahedrite is a widespread mineral in the Eldorado 
ores. It is present in three sections from No. 1 zone, three from the 
southwest end of No. 2 zone, seventy-two from the northeast end of 
No. 2 zone, and twelve from the adit level. It is abundant in the sec- 
tions from the northeast end of No. 2 zone and the adit level, but occurs 
only in small amounts in those from the other localities. 
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Tetrahedrite in sections from No. 1 zone occurs very sparingly in 
narrow carbonate veinlets in pitchblende and quartz, and is asso- 
ciated with chalcopyrite and bornite. In the siliceous type of ore from 
the southwest end of No. 2 zone it is associated with galena in fine car- 
bonate veinlets crossing pitchblende and quartz. In sections from the 
northeast end of No. 2 zone the mineral forms a typical irregular 
intergrowth with galena; corroded remnants occur within chalcopyrite; 
and it has been invaded by argentite and hessite (Pl. 70, fig. 3, and 
Pl. 71, fig. 1). Tetrahedrite and chalcopyrite have invaded pitchblende 
along radiating fractures and concentric zones (Pl. 65, fig. 2), and 
later carbonate has cut across these structures and replaced the pitch- 
blende to various extents, leaving the copper minerals to testify to the 
original forms (P1 66, fig. 1). Similar relationships were observed in 
sections from the adit level, where the tetrahedrite is also in veinlets 
with chalcopyrite, bornite, and native silver cutting pitchblende (PI. 
75, fig. 1). 

Tetrahedrite is essentially of the same age as galena. 

Freibergite——Freibergite (silver-bearing tetrahedrite) was not de- 
termined by chemical analysis. Small grains of a mineral closely re- 
sembling ordinary tetrahedrite were seen in one section from the north- 
east end of No. 2 zone and one from the adit level. These were slightly 
attacked by 1:1 HNO, and KOH, and are probably freibergite. In 
consequence of its limited occurrence it is impossible to assign to the 
freibergite an age different from that of tetrahedrite, although it may 
be later than this mineral and more closely associated with the silver 
mineralization. 


Bornite.—Bornite is a common mineral in sections from No. 2 zone 
and the Island zone, is rare in those from No. 1 zone, and is absent in 
those from No. 3 zone. 

In the sections from No. 1 zone it is present in fine carbonate string- 
ers cutting the quartz and pitchblende, and is associated with chal- 
copyrite and tetrahedrite. It has in some cases replaced tetrahedrite, 
and has, in turn, been replaced by chalcopyrite, in which it occurs as 
corrosion remnants. 

The bornite in sections from the southwest end of No. 2 zone occurs 
in carbonate, as finely disseminated irregular grains, and is commonly 
associated with galena, chalcopyrite, and, more rarely, chalcocite. 
The relationships of bornite and galena are here somewhat obscure, 
and there does not appear to be any distinct age difference. Bornite 
is often replaced and veined by chalcopyrite, but in two sections the 
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reverse relationships were seen, probably indicating overlapping depo- 
sition. It is veined by chalcocite. 

The bornite in sections from the northeast end of No. 2 zone and the 
adit level shows very consistent relationships. It commonly veins 
and replaces galena, is veined and replaced by chalcopyrite, and in 
some cases is invaded by argentite. Sections from the adit level con- 
tain veinlets with tetrahedirte, bornite, chalcopyrite, and native silver 
in pitchblende, and one section from this locality shows bornite veined 
and replaced by chalcocite (Pl. 75, fig. 2). Small disseminated grains 
of bornite in carbonate gangue are common, and in one section from 
the adit level it has partially replaced hemitate-rich spherules. Born- 
ite from near the surface has been replaced to a considerable extent 
by covellite. 

Sections from the Island zone contain bornite associated with other 
copper sulphides, cobalt-nickel minerals, and minor carbonate, in a 
siliceous gangue, probably mostly quartz. It veins rammelsbergite 
and tetrahedrite and is veined and replaced by chalcopyrite (Pl. 69, 
fig. 3). 

Most of the bornite shows, under high magnification, numerous 
extremely fine needles of chalcopyrite, arranged in the pattern com- 
monly attributed to exsolution of chalcopyrite from bornite. 

The relationships show rather conclusively that bornite is slightly 
younger than the galena and tetrahedrite and older than most of the 
chalcopyrite. In both cases there may have been a slight overlap- 
ping of deposition. 

Chalcopyrite——Chaleopyrite is the most abundant sulphide in the 
sections. It is present in 183, of which 144 are from No. 2 zone. 

In both No. 1 and No. 2 zones, where the chalcopyrite is associated 
with pitchblende, it occurs without exception in one of the following 
relationships: (1) As veinlets in pitchblende and quartz, often asso- 
ciated with minor amounts of carbonate and other copper minerals; 
(2) As the fillings of radiating cracks in botryoidal pitchblende, often 
replacing the latter along concentric zones (PI. 65, fig. 2); (3) As ir- 
regular grains and patches partially enclosing and replacing pitch- 
blende; (4) As small irregular grains disseminated in carbonate, or 
disseminated with minor amounts of carbonate in quartz. 

Where it is intimately associated with other copper sulphides, as is 
typical of the northeast end of No. 2 zone, it commonly forms irregu- 
lar grains and granular masses which contain corroded remnants of 
sphalerite, galena, and tetrahedrite. More rarely it veins and replaces 
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bornite; it is occasionally veined and slightly replaced by chalcocite, 
argentite, stromeyerite, and covellite (Pl. 69, fig. 4; Pl. 70, fig. 4). 

Two sections from the southwest end of No. 2 zone show the dis- 
seminated type of galena-chalcopyrite ore noted earlier in this paper. 
Most of the gangue is altered country rock which has been heavily im- 
pregnated by magnetite, hemitate, and some pyrite. Irregular dis- 
seminated grains, small areas, and large granular masses of chalcopy- 
rite contain numerous small “islands” of pyrite. The mineral has re- 
placed the galena to a considerable extent, and contains corroded rem- 
nants of sphalerite and gangue. This sulphide assemblage is inti- 
mately associated with minor amounts of carbonate, which likewise 
vein to some extent the silicate gangue; this indicates that the age of 
the galena-chalcopyrite mineralization of the so-called “dissesmi- 
nated” type is about the same as that of the minerals where the sul- 
phide mineralization has been superimposed upon the pitchblende 
mineralization. 

One section from No. 3 zone shows numerous small irregular grains 
and narrow veinlets of chalcopyrite in a siliceous gangue, apparently 
altered country rock. This chalcopyrite contains many small cor- 
roded remnants of gangue and is associated with a small amount of 
disseminated carbonate. 

In sections from the Island zone it is associated with cobalt-nickel 
minerals, other copper minerals, and carbonate in a siliceous gangue; 
it veins and replaces tetrahedrite and bornite (Pl. 69, fig. 3) and at 
some places contains numerous small “islands” of pyrite. 

More than one period of deposition of chalcopyrite is not indicated 
microscopically. It is undoubtedly younger than galena and tetrahe- 
drite; its deposition probably followed directly upon that of bornite, 
with slight overlapping; and it is older than chalcocite and the silver- 
bearing minerals. 


Chalmersite—Chalmersite is extremely rare in the sections. It is 
present in one from the southwest end of No. 2 zone and in three from 
the northeast end of the same zone. It occurs as relatively long nar- 
row crystals with parallel boundaries, within chalcopyrite which is 
associated with abundant sulphides and carbonate. Its age is re- 
garded as essentially the same as that of the chalcopyrite. 


Chalcocite-—Chalcocite is nowhere present in abundance, but it is 
rather common in sections from No. 1 zone, the southwest end of No. 
2 zone, and the adit level. It is rare in sections from the northeast 
end of No. 2 zone and the Island zone. 


d 
q 


918 vp. F. KIDD AND M. H. HAYCOCK—ORES OF GREAT BEAR LAKE 


The mineral is everywhere associated with carbonate gangue. In 
sections from No. 1 zone it commonly occurs with carbonate, copper 
minerals, and galena in veinlets cutting pitchblende and quartz. It is 
more rarely disseminated with carbonate in quartz. The same modes 
of occurrence are shown in sections from the southwest end of No. 2 
zone, where its relationships with the other copper minerals and galena 
are well displayed. It veins and replaces, rather extensively, chal- 
copyrite (PI. 69, fig. 4). 

A section from the adit level contains chalcocite which has veined 
and replaced bornite, and which shows structures which indicate that 
it has been invaded by stromeyerite (PI. 75, fig. 2). In the only sec- 
tion from the Island zone which contains chalcocite, it veins chalco- 
pyrite. 

Chalcocite is younger than chalcopyrite and older than stromeyerite. 

Covellite—Covellite is common and widespread in sections from 
near the surface which contain copper minerals. It replaces galena 
and the copper minerals around their borders, and often almost wholly 
replaces them where they occur in narrow veinlets. In some places the 
mineral forms veinlets in pitchblende and gangue, and it is now im- 
possible to deduce what copper minerals previously occupied these 
positions. It is conspicuously absent from all sections from the adit 
level. 

Covellite was the latest sulphide deposited. This, coupled with its 
absence in sections from the adit level proves it is supergene. 


SILVER MINERALS 


General Statement.—Under this head are three minerals of closely 
related chemical composition (stromeyerite, jalpaite, and argentite), 
hessite, and native silver. Since native silver shows the development 
of dendritic forms it seems most logical to discuss the origin of these 
forms under “Native silver.” 


Stromeyerite.—Stromeyerite (Ag.S .Cu.S) was identified in sections 
from the northeast end of No. 2 zone and the adit level only. It is 
usually present in small amount but is locally quite abundant, in a 
few sections forming perhaps five per cent of the ore. 

The sections in which it is relatively abundant contain the mineral 
as rather large granular masses in carbonate; the boundaries of these 
are often crystals of carbonate, indicating that the stromeyerite filled 
cavities in this gangue. It veins and replaces chalcopyrite (PI. 71, 
fig. 2); the same relationship was observed to a lesser extent with 
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galena and tetrahedrite. In one section, stromeyerite is replaced by 
argentite. 

Where it occurs less abundantly it usually forms small irregular 
grains in carbonate, or is part of the filling of veinlets in both the 
carbonate and the pitchblende (PI. 65, fig. 2; Pl. 71, fig. 3). Stromey- 
erite from the surface pits is considerably replaced by covellite. 

One section from the adit level (Pl. 75, fig: 2) contains irregular 
areas of an aggregate of bornite, chalcocite, tetrahedrite, stromeyerite, 
and native silver; chalcocite veins bornite, and stromeyerite forms a 
border zone around native silver. The chalcocite contains remnants 
of unknown mineral No. 2 which extend into the stromeyerite. The 
relationships are interpreted as indicating that the stromeyerite in- 
vaded the chalcocite, either before the introduction of the native sil- 
ver or as a reaction rim around this mineral. 

Stromeyerite is regarded as later than chalcocite and earlier than 
argentite and native silver. Its relationships to the remaining min- 
erals of this group are not indicated. 


Jalpaite—Jalpaite (3Ag.S .Cu,S) was identified in only three sec- 
tions from the northeast end of No. 2 zone. It is very rare, but in one 
section is in a small veinlet in carbonate and pitchblende. It is more 
rarely in veinlets of chalcopyrite, where it replaces the latter to some 
extent (PI. 71, fig. 4; Pl. 72, fig. 1). Its relationships to other mem- 
bers of this group are not clear, but its mode of occurrence is similar 
to that of stromeyerite. 

Since jalpaite is very rare, the data upon which it was identified are 
recorded below. One veinlet of comparatively pure material was of 
sufficient size to permit drilling a sample for quantitative chemical 
analysis, from the polished surface. 

A summary of the tests follows: 


Cotor (in polished section) : 
Light grayish-white. 
HarpNEss: 
A. Very sectile. 
CrossED NICOLS: 
Variable strength of anisotropism; varies from faint to moderate. 
ErcH TESTS: 
KCN—Slowly stains faint brown. 
FeCl;—Stains iridescent. 
HegCl.—Stains brown, but rubs clean. 
Aqua regia—Tarnishes iridescent. 
HNO:, HCl, KOH—Negative. 
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MICROCHEMICAL ANALYSIS: 
S—Weak. 
Cu—Very strong. 
Ag—Very strong. 
Fe, Co, Ni, Pb, Zn, Sb, Bi, Te, Se—Nil. 
SPECTROGRAPHIC ANALYSIS: 
Cu—Essential—strong. 
Ag—Essential—strong. 
Mn—rTrace. 
Pb—Trace. 
Other metals—Nil. 
As, Sb, Bi—Nil. 
S—Not susceptible to determination by the method used. 
PHYSICAL PROPERTIES : 
Fracture—Sub-conchoidal. 
Color—On fractured surfaces mineral is bright pitchy-black; on scratched 
surfaces it is shiny lead-gray. 
Streak—Shiny lead-gray. 
Hardness—About 2%. 
S. G—Approximately 6. 
CHEMICAL ANALYSIS: * 
S—13.6 per cent. 
Cu—12.0 per cent. 
Ag—646 per cent. 


90.2 per cent. 
Composrrion (from chemical analysis) : 
Ratios 
S—13.6=15.08+ 32.06=0.4703 21.124 
Cu—12.0=13.30+ 63.57=0.2092 11.000 
Ag-—64.6=71.62 + 107 88=0.6639 3X1.058 


902 100.00 
Formuta: (Ag, Cu).S with ratio Ag/Cu = 3/1, or 3Ag.S . Cu.S. 


* Analysis by B. P. Coyne. 


The place of jalpaite in the paragenesis is not indicated by its rela- 
tionships, except that it is part of the silver mineralization. Since it 
is so high in silver it is probable that it was deposited when the solu- 
tions were depleted in copper and rich in silver, and after the 
stromeyerite and possibly before the argentite and native silver. 


Argentite—Argentite was observed in thirty-four sections from the 
northeast end of No. 2 zone. It is in veinlets which are later than 
galena, tetrahedrite, and chalcopyrite, and some of the carbonate. 

Perhaps its most common habit is as narrow borders around and along 
cleavage cracks in galena, showing that gelena has either been re- 


ig 
& 
: 
ad 
— 


MINERAGRAPHY OF ELDORADO ORES 921 


placed by or altered to argentite. This mode of occurrence is identical 
with that shown by hessite (Pl. 70, fig. 2). A second common habit is 
as narrow veinlets cutting chalcopyrite. In many instances they are 
remarkably persistent, but in the same section it often forms irregular 
patches and grains( Pl. 70, fig. 4). Where there are no veinlets of 
argentite, this structure is confusing and might be interpreted as in- 
conclusive evidence of the later age of the chalcopyrite, but where the 
veinlets occur it is apparent that the irregular grains are simply small 
segments of irregular veinlets or “lakes” of later argentite in chal- 
copyrite. The argentite shows the same relationships with tetrahe- 
drite (Pl. 71, fig. 1) but with apparently less replacement. One sec- 
tion shows argentite invading and replacing stromeyerite; another con- 
tains a relatively large veinlet of galena which has been replaced about 
its borders by argentite and which has been cut by veinlets of later 
gangue and native silver. 

It is highly probable that argentite is younger than stromeyerite, 
but it is as yet impossible to place the point at which its deposition 
ceased, except that it was probably before the close of the native silver 
deposition. It is possible that some of the argentite is supergene, 
though positive evidence on this point was not found. 


Hessite—Hessite was identified only in sections from the northeast 
end of No. 2 zone which contain much carbonate. Etching, optical, 
and physical tests are unsatisfactory as a means of distinguishing it 
from argentite, and microchemical and spectrographic analyses were 
used for positive identification. In consequence of its finely-divided 
state these methods could be employed in only a few cases, but twenty 
or more sections contain small grains of a mineral tentatively identi- 
fied as hessite, on slight differences thought to be peculiar to the 
mineral in this deposit. 

The relationships of hessite are like those of argentite. It forms 
borders around galena (Pl. 70, fig. 2) and narrow veinlets in chal- 
copyrite and tetrahedrite. In one section it is present in tetrahedrite 
as irregular grains which might be interpreted as replacement rem- 
nants (Pl. 70, fig. 3) were they not connected by narrow veinlets in 
parts of the same section. The exact paragenetic position of hessite 
is uncertain but it is contemporaneous with the silver mineral group. 


Native silver—Native silver is present in seventy sections, dis- 
tributed as follows: Southwest end of No. 2 zone, 9; northeast end of 
No. 2 zone, 47; adit level, 12; Island zone, 2. It is most abundant 
in sections from the northeast end of No. 2 zone and the adit level, and 
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is comparatively rare in those from the southwest end of No. 2 zone 
and the Island zone. 

In the sections from the southwest end of No. 2 zone, native silver 
associated with carbonate, and sometimes with chalcopyrite, is present 
as small irregular grains in quartz. It also occurs as a series of 
elongated grains and blebs in late veinlets of brilliantly-colored trans- 
parent supergene alteration products which cut both pitchblende and 
gangue. Occasional persistent veinlets of native silver, which cut the 
pitchblende, usually along the bases of botryoidal structures, are inti- 
mately associated with these supergene products. In one section from 
this locality, native silver forms irregularly-shaped replacement (?) 
cores within an undetermined cobalt-nickel mineral. 

The native silver of the northeast end of No. 2 zone shows a wide 
variety of forms and structures which are often difficult or impossible 
to interpret. An appreciable amount occurs as narrow sinuous vein- 
lets or rows of disconnected grains and blebs traversing gangue and 
metallic minerals; these veinlets have borders of green to yellow al- 
teration products. Silver also occurs along late veinlets of banded 
supergene manganese oxides. The silver of the above modes of oc- 
currence is regarded as supergene. 

Certain forms of native silver from this section are not associated 
with supergene alteration products, and the following modes of occur- 
rence are believed to be indicative of hypogene origin: 

(1) Irregular grains and veinlets of native silver in pitchblende, 
sometimes associated with tetrahedrite and chalcopyrite (PI. 66, fig. 1). 

(2) Small grains in quartz and chalcopyrite, the latter replacing 
pitchblende, always associated with carbonate. 

(3) As the last-deposited mineral in veinlets which contain one or 
more of tetrahedrite, galena, chalcocite, and argentite. 

(4) Disseminated as small irregular grains, sometimes associated 
with copper sulphides, in carbonate (PI. 73, fig. 1) and similar to the 
occurrences shown in Plate 74, figure 2. 

(5) As rare replacement cores of an undetermined cobalt-nickel 
mineral resembling gersdorffite. 

(6) As irregular grains in carbonate adjacent to replacement vein- 
lets of psilomelane, those grains of native silver which are included in 
the psilomelane having been attacked and to some extent impregnated 
by the latter mineral. 

(7) As replacements with bornite or chalcopyrite of hematitic 
spherules, in the same relationships as seen in a section from the adit 
level (PI. 75, fig. 4). 
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(8) As small veinlets and elongated grains with the character of 
veinlets in chalcopyrite, chalcocite, stromeyerite, and argentite. 

(9) As dendrites (Pl. 73, figs. 2, 3, and 4). In some forms, irregu- 
lar grains of native silver appear to be the incomplete fillings of a 
series of small cubes set point to point; these series of cubes form 
parallel lines in two, sometimes three, directions which are respectively 
suggestive of cubic and rhombic control. The gangue (Pl. 73) is com- 
posed chiefly of two materials, one of which is comparatively hard and 
stands in relief above the other, which is soft. Etch tests indicate 
that the harder gangue is dolomite, and microchemical tests show that 
the other is manganiferous carbonate. A remarkable type of struc- 
ture is shown in Plate 72, figures 3 and 4. The gangue consists of rela- 
tively hard carbonate which encloses corroded remnants of quartz. A 
cubic pattern is shown by the individuals, which consist of thin-walled 
skeletal cubes of pitchblende and chalcopyrite arranged point to point 
in lines approximately at right angles. The central portions of these 
skeletal cubes in most cases contain carbonate, but in a few instances 
rounded replacement remnants of quartz still occupy their centers; in 
still other instances this portion of the cubes is occupied by native sil- 
ver. A very similar form is shown in Plate 73, figure 1; the gangue 
is dolomitic with the softer manganiferous carbonate already referred 
to, while occasional corroded remnants of quarts are present in the 
section outside the field photographed. The tiny scattered gray grains 
in the softer carbonate are corroded remnants of pitchblende and 
chalcopyrite in the same relative positions as in Plate 72, figure 4; 
native silver is disseminated in the harder carbonate. In Plate 73, 
figure 2, is an imperfect dendritic growth of native silver in the cen- 
tral portions of similar skeletal individuals, surrounded by the softer 
carbonate which contains tiny remnants of pitchblende and chaleopy- 
rite. Plate 73, figures 3 and 4, show a more advanced stage in the 
development of the silver dendrites and in the replacement of struc- 
tures similar to those in Plate 72, figure 4, by the later manganiferous 
carbonate and native silver. Plate 74, figures 3 and 4, show excep- 
tionally well-formed dendrites of native silver, occupying the central 
portions of skeletal dendrites of pitchblende in a gangue composed 
essentially of quartz with minor carbonate. The form of the pitch- 
blende is very similar to that shown in Plate 67, figure 2. 

Before discussing the origin of the silver dendrites, it is well to note 
the similarity of the structures just described to those of pitchblende 
(Pl. 67, figs. 1, 2, and 3) and particularly to those of safflorite-ram- 
melsbergite (Pl. 67, fig. 4). No evidence was seen of any of the cobalt- 


924 ov. F. KIDD AND M. H. HAYCOCK—ORES OF GREAT BEAR LAKE 


nickel minerals having replaced pitchblende, or vice versa, and no 
adequate explanation can be offered for the origin of the peculiar 
dendritic patterns shown by the pitchblende in quartz, since with one 
possible exception, yet to be discussed, pitchblende is always the first 
mineral deposited (excepting the pyrometasomatic minerals such as 
magnetite) and since it is not known to possess a crystalline form. 
However, one or more of three things may have happened; namely, 
(1) the pitchblende may have been deposited at one particular stage 
of the mineralization, as uraninite or a similar mineral which pos- 
sesses a cubic crystal form, in dendritic forms (PI. 67, fig. 2); (2) a 
certain amount of pitchblende may be essentially later than the 
cobalt-nickel minerals and may be pseudomorphous after them, thus 
forming pitchblende dendrites (Pl. 67, figs. 1 and 3); (3) the pitch- 
blende dendrites may be pseudomorphous after a mineral not seen 
in the sections studied. 

It is apparent that the origin of at least some of the dendrites of 
native silver is closely linked with the dendritic forms of pitchblende, 
and the explanation which seems at all reconcilable with the observed 
facts depends upon the following: 

(1) Safflorite-rammelsbergite forms dendritic skeletal growths. 

(2) Pitchblende is present in dendritic skeletal growths, with which 
considerable chalcopyrite is often associated. 

(3) Both the safflorite-rammelsbergite and the pitchblende dendritic 
growths show later replacement by the carbonate which has accom- 
panied the deposition of native silver. 

(4) Native silver has been introduced into the central portions of 
skeletal dendrites of both safflorite-rammelsbergite and pitchblende. 

Therefore, it is suggested that possibly the chalcopyrite (and to a 
lesser extent other sulphides also), accompanied by early carbonate, 
was deposited at the expense of the quartz in which the pitchblende 
formed; that the later softer carbonate replaced both the chalcopyrite 
and the pitchblende of the dendritic forms, and that in some cases, 
where conditions were favorable, the centers of the pitchblende den- 
drites were filled with carbonate, and/or native silver, and that a large 
part, if not all, of the silver dendrites are pseudomorphous after 
either the safflorite-rammelsbergite or the pitchblende dendrites. In 
some cases the safflorite-rammelsbergite (Pl. 74, fig. 1) or the 
pitchblende (PI. 74, figs. 3 and 4) is still practically intact, in others 
(Pl. 73) they have been more or less removed. The insert in Plate 
73, figure 4, shows a low-power photograph of dendritic silver 
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in carbonate gangue. A strong suggestion of rhombic control may 
be seen in the three distinct directions which are shown by these 
dendrites, and it is possible that the carbonate crystalline form has 
exercised control in this case. This explanation ascribes to this native 
silver a hypogene origin, a view which is further borne out by the 
apparent total absence of supergene products intimately associated 
with the dendrites. 

The native silver contained in sections from the adit level is com- 
monly disseminated in irregular grains in carbonate and as small 
grains and veinlets associated with sulphides. Some disseminated 
grains show the typical form of certain cobalt-nickel minerals as small 
crystals or clusters of crystals of diamond-shaped cross-sections (PI. 
74, fig. 2). Small grains and veinlet-like forms occur in stromeyerite, 
and are regarded as later than the stromeyerite-chalcocite-bornite 
assemblage in which they occur (Pl. 75, fig. 2). Another rarer type 
of occurrence (PI. 75, fig. 4; Pl. 76, figs. 3 and 4) is where the native 
silver, together with tetrahedrite, bornite or chalcopyrite, has partially 
replaced small hematitic spherules, in some cases practically to com- 
pletion (Pl. 76, figs. 3 and 4); in the latter case the silver shows a 
distinct rhythmic concentric banding. 

The silver in sections from the Island zone is commonly disseminated 
as small irregular grains and formless blebs in carbonate which has 
replaced the quartz to a considerable extent. One section, however, 
shows dendritic growths of skeletal crystals of safflorite-rammelsber- 
gite in carbonate, the central parts of some of which are occupied by 
native silver (Pl. 74, fig. 1). In this instance the dendrites are con- 
tained in carbonate, and the safflorite-rammelsbergite shows the effect 
of active corrosion and replacement by this gangue. 

Summarizing the significant relations of the native silver thought 
to be of hypogene origin, the following points are to be noted: 

(1) Native silver forms the central portions of veinlets of galena, 
tetrahedrite, and chalcopyrite. 

(2) It replaces safflorite-rammelsbergite, an unknown cobalt-nickel 
mineral resembling gersdorffite, tetrahedrite, chalcopyrite, and argen- 
tite. 

(3) It veins stromeyerite. 

(4) It is older than the supergene manganese oxides. This silver 
is, therefore, regarded as essentially younger than the stromeyerite 
and as the last hypogene mineral deposited. This is largely respon- 
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sible for the difficulty in establishing with certainty its hypogene 
character. 

The absence of supergene alteration products, and particularly the 
absence of covellite, definitely indicates the hypogene character of 
the native silver in sections from the adit level.2* The presence of a 
certain amount of supergene native silver in sections from the zone 
of surface alteration has been noted. On the other hand, certain 
structures have been interpreted as indicating hypogene native silver 
in this zone. It is the opinion of the writers, based upon the field 
examination of the mineralization at the Eldorado mine and upon 
microscopic study of the ores, that by far the greater percentage of 
native silver is hypogene, and that supergene native silver plays only 
a minor part in the silver mineralization. 


MANGANESE MINERALS 

Manganese oxides are of common occurrence in sections from the 
northeast end of No. 2 zone and are rare in those from the south- 
west end of this zone. None was identified in sections from the 
other localities. 

The manganese oxides occur in narrow sinuous veinlets which fol- 
low the borders of botryoidal structures of the pitchblende, or wend 
erratic courses indiscriminately across pitchblende, gangue, and sul- 
phides. These veinlets often contain brilliantly colored alteration 
products. The manganese oxides are fine textured, often almost amor- 
phous, and usually show banding parallel to their walls. In one sec- 
tion, psilomelane has penetrated and replaced carbonate, enclosing and 
impregnating grains of native silver. 

The manganese oxides are difficult to determine, and tests failed in 
most cases to establish identity; in twenty sections from the northeast 
end of No. 2 zone the tests failed to distinguish between the three 
manganese oxides believed to occur in these deposits. These three 
oxides were seen in three sections, and are thought to be pyrolusite, 
polianite (?), and psilomelane. The tests on which they were iden- 
tified are as follows: 


Pyrolusite—In section No. 1915, from the northeast end of No. 2 zone. 

Covor: Light gray. 

Harpness: E. 

CROSSED NICOLS: 
Very strong anisotropism, showing four extinctions and revealing the struc- 
ture as an exceedingly fine mosaic of interlocking grains. 


21 Adolph Knopf: Geology and ore deposits of the Rochester district, Nevada, U. S. Geol. 
Surv., Bull. 762 (1924) p. 48. 
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ErcuH TESTS: 
H.0.—Effervesces. Surface of mineral not affected. 
HNO; HCL, KCN, FeCh, KOH, HgCl:, Aqua regia—Negative. 


Polianite (?)—In section No. 1895, from the northeast end of No. 2 zone. 
Cotor: Gray, like sphalerite. 
Harpness: Very hard. 
CrossEp Nicots: Very strong anisotropism—four extinctions. 
Ercu TESTS: 
H:.0.—Effervesces. Surface of mineral not affected. 
HCl—Surface of mineral not affected but drop turns yellowish-brown. 
Aqua regia—Most areas unaffected, but locally doubtfully pitted. 
KCN, FeCl, KOH, HgCl.—Negative. 


Psilomelane—In section No. 1872, from the northeast end of No. 2 zone. 
Cotor: Gray. 
Harpness: D+. 
CrossED NICOLS: Isotropic. 
Ercu TEsTs: 
H.0.—Effervesces. Surface of mineral not affected. 
HNO;—Slowly darkens to dull gray. 
HCl—Rapidly blackens differentially. 
FeCl;—Differentially brown to gray. 
KCN, KOH, HgCl.—Negative. 


UNKNOWN MINERALS 


Five minerals were observed which could not be identified. 

Unknown No. 1 was observed in small amounts in twenty-four sec- 
tions from the northeast end of No. 2 zone, and one small grain show- 
ing similar properties was seen in a section from the southwest end 
of the zone. It occurs as small rounded grains and replacement rem- 
nants in galena, tetrahedrite, and chalcopyrite, and in one section is 
relatively abundant (PI. 75, fig. 3), affording sufficient material to 
perform microchemical and spectrographic analyses. 


Cotor: Bright creamy-white; with galena, possesses a faint pink tint. 
Harvness: D to E. 
CrossED NicoLs: Isotropic. 
ErcH TESTS: 
HNO;—Usually negative, but some grains stained faint brown. 
HCl, KCN, FeCl, KOH, HgCh, Aqua regia—Negative. 
MIcROCHEMICAL ANALYSIS: 
Ni—Positive—strong. 


As—Positive—moderate. 
Fe—Positive—Possibly due to admixed chalcopyrite. 
Cine “ “ “ “ “ 


Co—Negative. 
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SPECTROGRAPHIC ANALYSIS: 
Ni—Strong. 
As—Weak. 

Co— “ 
Sb—Nil. 
Ag— “ 

Unknown No. 2 occurs in three sections from the adit level and in 
one from the northeast end of No. 2 zone. It shows typical feathery 
form, and occurs as replacement remnants in chalcocite (Pl. 75, fig. 2), 
stromeyerite, or native silver. 


Unknown No. 3 
Covor: Gray, with brownish cast. 
Harpness: D+. 
Crossep NicoLs: Isotropic. 
EtcH TESTS: 
KCN—Doubtful; some grains stain iridescent. 
HNO:, HCl, FeCl, KOH, HgCl:, Aqua regia—Negative. 

Unknowns No. 3 and No. 4 form an intergrowth in the carbonate 
gangue of one section from the northeast end of No. 2 zone. Unknown 
No. 3 occurs as an extremely fine skeletal growth requiring a high 
power of magnification to resolve it; it is intergrown with Unknown 
No. 4. 


Unknown No. 3 
Cotor: Creamy white. 
Harpness: D to E. 
Crossep Nicos: Apparently isotropic. 
ErcH TESTS: 
HNO,;—Slowly pitted gray. 
HCl, KCN, FeCl:, KOH, HgCl.—Negative. 
Unknown No. 4 
Coror: Gray, or bluish-gray. 
Harpness: C. 
CrosseD Nicots: Apparently isotropic. 
Ercu TESTS: 
HNO;—Doubtful. 
HCl—Stains iridescent. 
KOH—Differentially iridescent to gray. 
KCN, FeCl, HgCl.—Negative. 

Unknown mineral No. 5 occurs in a section from No. 1 zone as 
irregular borders along veinlets of native bismuth (PI. 69, fig. 1). 
Coror: Gray, lighter than sphalerite. 

Harpness: C. 
CROSSED NICOLS: 

Fairly strong anisotropism. In places, greenish-white internal reflections 
were seen. 
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ErcH TESTS: 
HNO;—Effervesces (?) and becomes deeply pitted. 
HCl—Rapid pitted. Fumes tarnish iridescent. 
KCN, FeCl, KOH, HgCl-, H-O:-—Negative. 
MICROCHEMICAL ANALYSIS: 
Bi —Very strong. 
Cu —Strong. 
As —Strong. 
S —Strong. 
Fe —Trace (?). 
Co, Ni, Zn, Pb, Ag, Se, Te—Negative. 
GANGUE MINERALS 
General statement.—Examination of polished sections is, at best, a 
very unsatisfactory method of determining non-metallic minerals. 
Therefore, gangue minerals in these ores cannot be satisfactorily dis- 
cussed. However, the relationships of the more important gangue 
minerals are well illustrated in the photomicrographs, and will be de- 


scribed. 


Quartz.—Quartz is widespread and important, and except in the 
northeast end of No. 2 zone, is the predominant gangue. It cements 
fragments and spherules of, and penetrates along numerous fractures 
in, pitchblende. It also forms the enclosing gangue for the early group 
of cobalt-nickel minerals, and sometimes forms veinlets in these; in 
one section these veinlets contain native bismuth. 

The quartz gangue is almost universally crossed by a network of 
tiny stringers and veinlets of carbonate, and often contains finely dis- 
seminated carbonate, which commonly contains various sulphides. 

The gangue material of the northeast end of No. 2 zone is predomi- 
nantly carbonate, but a small amount of quartz is in close proximity 
to the pitchblende. It is invariably corroded and replaced to various 
degrees by carbonate (PI. 64, fig. 4; Pl. 72, figs. 2,3, and 4). A con- 
siderable amount of quartz has been removed from the northeast end 
of No. 2 zone, but the writers do not believe that all the carbonate 
of this deposit was emplaced at the expense of quartz, but replace- 
ment has been a very important process in the development of the 
carbonate type of ore. 


Carbonates—Two chief types of carbonate gangues have been men- 
tioned. Etch and microchemical tests indicate that the earlier, and 
harder, type is dolomite, and the later, and softer, type is mangani- 
ferous carbonate. In addition, a little barium carbonate was tenta- 
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tively identified in No. 3 zone. Quantitative analyses were made of 
samples of the two chief types of carbonate (p. 892, 893). 

The relationships of the two carbonates have been described. The 
earlier dolomite has invaded and replaced quartz, and in some in- 
stances also the pitchblende (Pl. 65, fig. 2; Pl. 66, fig. 1). The softer 
ferruginous rhodochrosite has replaced the dolomite along favorable 
structures (Pl. 73) and appears to be associated with the silver minerals 
in the last of the hypogene deposition. 

Witherite (?) occurs in one section from No. 3 zone as a series of 
small parallel plates in native bismuth. It was impossible to obtain 
enough material for a chemical analysis. The tests used in its tenta- 


tive identification are as follows: 


Cotor: Bluish-gray, resembling sphalerite. 
Harpness: C to D. 
Crossep nicots: Yellowish-white internal reflections. 


ErcH TESTS: 
HNO.;—Effervesces (?) and rapidly blackens. 
HCl—Effervesces (?) and rapidly blackens. 
FeCl;—Slowly turns dark gray. 

KCN, KOH, HgCl.—Negative. 
SPECTROGRAPHIC ANALYSIS : 
Ba—Essential—strong. 

Barite—A mineral, determined as barite by spectrographic analysis 
and by structure, occurs in the carbonate of some sections. The 
copper sulphides have veined this mineral along its cleavages, and 
often appear to be replacement veinlets. Since tetrahedrite is the 
earliest sulphide known to vein it, the barite, was probably deposited 
before the tetrahedrite, either very early in the carbonate stage of 
mineralization, or even before. 

ALTERATION PRODUCTS 

Veinlets of highly-colored alteration products have been mentioned. 
These products were not studied and, beyond citing the presence of 
azurite and malachite, this phase of the mineralization will not be 
discussed. 

PARAGENESIS 
GENERAL STATEMENT 

The study of the polished sections reveals relationships which are, 
in general, in close harmony with the relationships observed in the 
field. In no cases are they in definite disagreement. The two lines 
of evidence are supplementary; field observations tend to fill in the 
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broader aspects and to indicate the significance of observations which 
cannot be evaluated from the study of small isolated surfaces. In 
correlating the various occurrences of each mineral in the polished 
sections, the assumption has been made that where their relation- 
ships do not clearly indicate otherwise, minerals belong to one and 
the same generation. 

The interpretation of the combined observations involves the recog- 
nition of three main stages of mineralization, which have been de- 
signated as (1) pyrometasomatic stage, (2) hydrothermal stage, and 
(3) supergene stage. The mineralization of the hydrothermal stage 
has been subdivided into four main types. 

PYROMETASOMATIC STAGE 
The recognition of this stage is dependent almost entirely upon 


observations in the field and upon the study of thin sections. In 
the mineragraphic study the only minerals involved are magnetite 


and possibly pyrite and arsenopyrite. 
HYDROTHERMAL STAGE 


The mineragraphic evidence concerning the deposition of the min- 
erals during the hydrothermal stage points strongly to an orderly 
succession, beginning with quartz-pitchblende and ending with native 
silver, with, however, certain marked breaks. Both microscopic and 
field evidence demonstrate four characteristic types of mineralization, 


as follows: 


Type 1.—Pitchblende 
Quartz 
Safflorite-rammelsbergite 
Minor cobalt-nickel minerals: 
Glaucodot, 
Polydymite, 
Gersdorffite. 


Type 2—Quartz 
Other cobalt-nickel minerals: 
Smaltite—chloanthite, 
Skutterudite, 
Cobaltite, ete. 


Type 3—Dolomite 
Pb, Zn, and Cu sulphides. 


Type 4—Ferruginous rhodochrosite 
Cu and Ag sulphides 
Native silver. 
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Types 1 and 2 have been seen in No. 1 and No. 3 zones, and at some 
places in No. 2 zone where that is similar in character to No. 1 zone. 
Types 1, 3, and 4 occur in No. 2 zone. The microscopic evidence 
points to types 3 and 4 forming an orderly succession of deposition and 
to a marked break between types 1 and 3 in No. 2 zone. Microscopic 
evidence points to type 2 directly following typelin No.1zone. Field 
evidence, however, indicates a hiatus between type 1 and type 2 in 
No. 1 zone, and it is not safe to infer that type 3 necessarily followed 
type 2 in orderly succession. However, it is believed that type 2 is 
best placed at the close of the quartz mineralization. 

That the hydrothermal stage of mineralization began with type 1 
is certain. The early deposition of type 2 may represent the inter- 
mittent introduction of quartz in the form of veins following type 1. 
However, field evidence indicates the possibility that the last of the 
quartz and Co-Ni minerals of type 2 may have been deposited under 
rather low temperature and certainly moderate depth conditions. 
Small amounts of carbonate and crystalline chalcopyrite have also 
been included in this type. The early carbonate mineralization of 
type 3 is probably intermediate in temperature. While it is impos- 
sible to correlate the carbonate and chalcopyrite of type 2 of the No. 1 
in which case it is also possible that two distinct periods of mineraliza- 
tion took place, especially if type 3 was deposited at a higher tem- 
perature than the apparently low-temperature type 2. This would 
postulate a hiatus of indeterminate extent between the deposition of 
types 2 and 3. 

(B) It is possible that type 2 represents a stage of mineralization 
not to be dated in terms of either type 1 or type 3. 

(C) The deposition of type 2 may be considered as following that 
of type 1, and ending with a low pressure stage which is not well shown 
in the No. 2 zone and which may, thus, be considered as having taken 
place between the deposition of types 1 and 3. The change from 
type 2 to type 3 deposition may then be considered to be evidenced 
by the appearance of low pressure chalcopyrite and carbonate noted 
in type 2, and these minerals, together with hematite and native bis- 
muth, which also occur both in the last of the quartz and in the 
earliest carbonate deposited, can be viewed as connecting links. To 
Haycock this seems to be the most reasonable interpretation. 


SUPERGENE STAGE 


Since comparatively little work was carried out on the supergene 
alteration products, their order of deposition is not known. 
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Table VI summarizes the observations and inferences as to the 
paragenesis in the Eldorado ores. The definitely-established facts 
are represented by continuous lines; those which are inferred and are 


Taste VI.—Paragenesis of the minerals at the Eldorado Mine 


Hydrothermal stage 
MINERALS TYPE NO.! | TYPE NO.2' TYPE NO.5 | TYPE NO. 4 
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essentially the opinions of the writers are shown by dashed lines; 
and those which may be possible are shown by dotted lines. 


CHARACTER OF THE SOLUTIONS 
GENERAL STATEMENT 


There is not sufficient information to warrant full discussion of the 
physical-chemical character of the solutions responsible for the 
mineralization at the Eldorado mine. It seems desirable, however, to 
point out certain features which may reasonably be inferred from the 
compositions and paragenetic relationships of the more important 
minerals. The “richness” of the solution with regard to any partic- 
ular element or compound refers to the degree of super-saturation of 
the solution with regard to that element or compound under the physi- 
cal-chemical conditions of precipitation. 

SOLUTIONS FROM WHICH TYPE 1 WAS PRECIPITATED 


All evidence points to the deposition of quartz and pitchblende from 
colloidal solutions which were, at first, rich in uranium oxide and 
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silica; as consolidation of the pitchblende progressed the solutions 
were depleted in this compound, and deposition of pitchblende from 
the uranium-oxide-lean solutions took place in the form of small 
isolated spherulites. The saturation of the residual silica-rich solu- 
tion with Fe, Ni, Co, and As followed, with the resultant deposition 
of compounds of these elements in small quantities. 


SOLUTIONS FROM WHICH TYPE 2 WAS PRECIPITATED 
The solutions which deposited type 2 were, at first, rich in silica 
and ferric iron, and then became rich in Ni, Co, and As. The succes- 
sion of deposition of the Co-Ni-arsenides indicates that the solutions 
changed from Ni-rich-Co-lean to Co-rich-Ni-lean. It is not clear 
whether the carbonate-chalcopyrite mineralization directly following 
the Co-rich-Ni-lean mineralization of No. 1 zone is to be included 
here or not, but if so, the solutions underwent a radical change from 
the silica type to the carbonate type. Field evidence indicates that 
the last of the quartz of this type was deposited under low pressure 
and probably low temperature conditions. Whether the carbonate- 
chalcopyrite mineralization of this type represents a transition to 
type 3 is not known. 


SOLUTIONS FROM WHICH TYPES 3 AND 4 WERE PRECIPITATED 


The character of the solutions responsible for these two types of 
mineralization can be traced continuously through a succession of 
changes. The more important of these can be represented arbitrarily 
by a succession of episodes in which certain elements and compounds 
were present in supersaturated conditions: 


(a) CO:, Mg, Ca, Fe, BaSO, 
(b) CO, Mg, Ca, Fe, S, Zn 

(6) CO,, Mg, Ca, Fe, S, Pb, Sb, Cu 
(d) CO:, Mg, Ca, Fe, 8, Cu 


(e) COz, Mn, Mg, Ca, S, Cu, Fe 
(f) CO, Mn, Mg, Ca, S, Cu, Ag, Fe 

Tyre (g) COs, Mn, Mg, Ca, S, Cu, Ag 
(h) CO:, Mn, Mg, Ca, Ag 


Attention is directed to the apparent decrease of copper and the ac- 
companying increase of silver during the late stages of type 4 min- 
eralization. This is shown by the following minerals, placed in their 
order of deposition: 
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* The position of jalpaite is inferred from its chemical composition, since there was no direct 
evidence to indicate that it was deposited other than contemporaneously with argentite or 
stromeyerite. 


The temperature of the solutions must have suffered considerable 
variation. The type 1 mineralization is of rather high temperature 
type. Massive fine-textured quartz, molybdenite, and specular hema- 
tite are generally accepted as minerals of rather high temperature of 
formation. On the other hand, the occurrence of uranium oxide as 
the colloform mineral pitchblende rather than cubically crystallized 
uraninite might be considered as evidence against a very high tem- 
perature of formation. 

Type 2 mineralization indicates cavity filling under low pressure 
conditions but not necessarily at low temperature, though presence 
of rhythmically banded comb quartz and dolomite might be consid- 
ered as evidence of this. 

Types 3 and 4 mineralization are represented by a suite of minerals 
the later members of which, such as rhodochrosite and the silver 
minerals, are generally considered to be characteristic of deposits ap- 
proaching epithermal in type. The presence of chalmersite in this 
association is, to the writers, inexplicable, as it is usually regarded 
as a high temperature mineral. 


SOURCE OF THE MINERALIZING SOLUTIONS 


(Kidd is the author of the following section.) 

Though there has been considerable conjecture concerning the source 
of the solutions which formed the pitchblende and silver deposits of 
the Echo Bay area, no positive determination has been reached. From 
the nature of the deposits it seems certain that the solutions were 
derived from an igneous source, a magma, differentiates of which may 
be exposed in the area. 

It may be assumed, in the absence of opposing evidence, that all 
the silver mineralization was from a single source; that it was co- 
magmatic. The field evidence strongly suggests that the pitchblende 
deposits at Echo Bay, Workman Island, and Hottah Lake are co- 
magmatic, though not necessarily from the same source as the silver 
mineralization. There is, however, direct evidence against this. The 
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average lead-uranium ratio of pitchblende from the Eldorado mine 
is .208, giving it an age of 1277 million years.22_ The average ratio 
from five analyses ** of pitchblende from the Hottah Lake deposit is 
.0449. This gives an age of approximately 330 million years, which 
correlates with late Devonian time. There is thus indicated an age 
difference between the Echo Bay and the Hottah Lake deposits of more 
than 900 million years. The writer is not prepared to accept this on 
the present evidence. He feels that there may well be some unsus- 
pected factor, possibly in the determination of the source from which 
the lead was derived, in the Echo Bay lead-uranium ratio determina- 
tions. 

The criteria for linking the solutions forming a mineral deposit with 
a magma forming an igneous rock, fall into three groups: 

(1) Time relations. The geological relationships may permit prov- 
ing that the igneous rock and the mineral deposit were emplaced at 
about the same time. 

(2) Space relations. The mineral deposits may occur in concentric 
zones or in some other space relation to the associated intrusive. 

(3) Chemical relations. Distinctive chemical characters of the 
solutions in common with the co-magmatic intrusives. 

These criteria must be used with caution, as vein-forming solutions 
and the associated intrusives are generally considered complementary, 
and what one has in abundance the other may conspicuously lack. 
However, the presence in both of any of the rarer elements in un- 
usually great amounts may be accepted as valid evidence of a common 
source. 

The exposed igneous rocks with which the deposits may be asso- 
ciated are the granodiorite stocks, the granites, or the gently-dipping 
dark-colored dike. Evidence has been presented that the extensive 
pyrite and associated mineralization forming prominent gossans are 
related to the granodiorite. In the Eldorado deposit the granodiorite 
is considered to be the source of the pyrite, magnetite, and associated 
suite of non-metallic minerals, which constitute the earliest mineraliza- 
tion and which are probably of a different age from that of the pitch- 
blende and silver mineralization. In support of this is the occurrence 
of pitchblende mineralization in the southwest part of the No. 2 zone, 
crossing an aplite dike related to the granite on the west side of the 
Point, thus making the pitchblende younger than the granite, which, 


2 A.C. Lane: Report of the committee on the measurement of geologic time, Nat. Res. Coun. 


(April, 1934). 
23 Analyses by Chemical Laboratories, Ore Dressing Division, Mines Branch, Ottawa. 
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in turn, is considered to be younger than the granodiorite. At the 
“M” group deposit (Loc. 5, Fig. 2) pitchblende and silver occur in a 
shear zone in a granodiorite stock. 

The granites have been considered by the writer ** as the most 
obvious source of the mineralization. This opinion was based partly 
on the areal distribution of the then known deposits adjacent to the 
Dowdell Point granite or its equivalent at LaBine Point, and partly 
on the mineral association which is typical of other deposits believed 
to be related to granites. The finding of pitchblende with quartz which 
is the latest filling of large quartz veins which cut granite at two 
localities (Workman Island and Hottah Lake) has, because of the 
wide distribution and late age of the quartz veins in which it occurs, 
forced the conclusion that the pitchblende is not directly derived 
from any rock now exposed. 

The Dowdell Point granite is distinguished from other granites in 
the area by its northeast structural trend across the belts of sediments 
and volcanics in the other granites, but parallel to that of the north- 
easterly trending major fractures, which may have controlled its 
emplacement. It is possible that the pitchblende and silver deposits 
were not direct derivatives, but that they were co-magmatic with this 
granite. 

This hypothesis receives some support from the occurrence of a 
little fluorite in the eastern Bonanza deposit (Loc. 3, Fig. 2), in the 
Eldorado deposit, and in thin sections of the Dowdell Point granite. 
In two out of seven sections of this granite, taken from various locali- 
ties, fluorite was found in appreciable amounts. Of 56 sections of in- 
trusive igneous rocks, 46 of which were granitic to dioritic, only these 
two contained fluorite. It is possible that fluorite in small amounts 
may be widespread in the Dowdell Point granite, and it is, therefore, 
possible that the occurrence of fluorite in two of the mineral deposits 
may indicate a common source with this granite. Furthermore, in 
1934 the radioactive mineral, allanite, was found in one of the very 
rare pegmatitic segregations in the Dowdell Point granite, at a place 
ten miles south of Dowdell Point. As radioactive minerals have not 
been found in other granites their occurrence here supports the hypoth- 
esis of a common source with the pitchblende. 

The gently-dipping dark-colored dike has been considered by Robin- 
son 2° as the source of the pitchblende and silver mineralization. An 


%D. F. Kidd: A pitchblende-silver deposit, Great Bear Lake, Canada, Econ. Geol., vol. 27, 


no. 2 (1932) p. 158. 
%H. 8. Robinson: Notes on the Echo Bay district, Great Bear Lake, Northwest Territories, 


Can. Inst. Min. Met., Bull. 258 (1933) p. 614, 620. 
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areal relation between the dike and some of the Echo Bay deposits 
can be shown. The Eldorado deposit underlies the dike a few hun- 
dred feet, and the deposit on the Echo Bay Claims (Loc. 2, Fig. 2) 
overlies it by about the same distance. The deposits on the Bonanza 
Claims (Loc. 3, Fig. 2) underlie it at an unknown distance, but the 
relation of the deposit on the “M” Group (Loe. 5, Fig. 2) to it is not 
apparent. The dike is slightly fractured, and only a few small veins 
cut it. In these no silver or other important mineralization has been 
found. The absence of disturbance in the dike on LaBine Island, 
near the fracture zones at the Eldorado mine, which were the loci of 
mineralization, suggests that it was post-mineralization. Knight ** has 
expressed this opinion. The rather elevated temperatures likely at 
the commencement of the main mineralization at the Eldorado deposit, 
and its long duration, suggest a source of greater heat radiating ca- 
pacity than such an intrusive as the dike might be expected to 
possess. 

In summary, the mineralization of the Echo Bay area appears gen- 
erally to fall into three stages: (1) pyrite, magnetite, and associated 
suite of non-metallic minerals; (2) pitchblende—quartz mineraliza- 
tion; and (3) carbonate (often rhodochrosite) lead-zinc-copper-silver 
mineralization. 

There are good grounds for linking stage 1 with the granodiorite 
stocks. Stage 2 is linked with the latest filling of the large quartz 
veins. In the absence of opposing evidence, stage 3 may be grouped 
with stage 2, which it follows. If, however, the break between stages 
2 and 3 is a major one, there is still a possibility, as has been previ- 
ously admitted,?? that the silver mineralization came from the same 
source as the dike. The writer has not found field evidence support- 
ing this and feels that too close a comparison with the distinctly dif- 
ferent type of deposits found at Cobalt, Ontario, has at times been 
drawn. 

COMPARISON WITH OTHER DEPOSITS 
The Echo Bay deposits of pitchblende and silver more closely re- 


semble some of those of the Saxon Erzgebirge (Jachymov, etc.) than 
any other deposits known to the writers. This resemblance was first 


6 Cyril W. Knight: Pitchblende at Great Bear Lake, Can. Min. Jour., vol. 51, no. 41 (October 
10, 1930) p. 965. 

7D. F. Kidd: A pitchblende-silver deposit, Great Bear Lake, Canada, Econ. Geol., vol. 27, no. 
2 (1932) p. 159. 
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noted by Knight,?* and his opinion was supported by Kidd.*° The 
mineral assemblages at the two groups of deposits are similar. The 
paragenesis as stated by Ziickert (Appendix B) and Keil (Appendix 
C) differs considerably from that in the Echo Bay deposits. Only 
in the deposition of the pitchblende earlier than the sulphides and sil- 
ver minerals is there much resemblance. The writers have not found 
evidence of several distinct periods of pitchblende deposition, as found 
by Ziickert at Jachymov. They do not find, either, evidence of early 
crystallization of native silver where it occurs in the cores of den- 
drites; they interpret such structures in the Echo Bay deposits as 
replacements of an earlier-formed mineral by native silver. 
he Shinkolobwe deposit in the Belgian Congo appears to be of a 
higher temperature type than the Echo Bay deposits. The primary 
uranium oxide mineral is crystalline (uraninite) rather than collo- 
form (pitchblende), and there is not the associated suite of silver 
minerals. Cobalt and nickel minerals (linnaeite and pentlandite) are 
associated with uranium as in the Erzgebirge and at Echo Bay. The 
deposit at Shinkolobwe has characteristics which indicate its derivation 
from a granitic source. 
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APPENDIX A 


(Summary of Paper, “Le Gite d’Uranium de Shinkolobwe-Kasolo (Katanga),” 
by J. Thoreau and R. du Trieu de Terdonck. Hayez, Bruxelles, 1933.) 

The deposits were found in 1915, but systematic development was not under- 
taken until 1921. They lie 15 miles south of the Kambove copper mine. 

The rocks in the vicinity belong to the Serie des Mines, but they are nearly 
surrounded by the younger Kundelungu series. They are intensely folded and 
faulted. At the deposit, two fault slices of the Serie des Mines are in contact 
with each other, and with the main mass of the Serie des Mines, respectively. 
The beds of the Serie des Mines comprise a principal member of thick-bedded 
dolomitic limestone, a dolomitic schist with carbonaceous or graphitic horizons, 
a siliceous dolomitic limestone, and the latter with interbedded chert. 

The uranium minerals occur partly in massive veins without apparent gangue, 
and partly disseminated in the rocks. The veins are partly isolated, partly in 
systems. They are always very erratic. It is rarely that a single vein can be 
followed more than a dozen meters. The width is variable, usually of the order 
of a few centimeters, but swellings reaching a meter are found, which yield masses 
of ore weighing several tons. To avoid loss of ore in the zones where the presence 
of veins is known, the cubic rock is mined. 

The veins are grouped in zones where certain favorable formations have un- 
dergone important fracturing. They have a tendency to parallel the principal 
faults; some of them, however, are transverse. The major faults are not min- 
eralized. 

The greater part of the ore has come from the eastern part of the deposit, 
where the veins occur in foliated siliceous rocks and cellular rocks (roches cel- 
lulaires) derived from siliceous dolomitic limestone by alteration. The veins 
anastamose in such a way that often the deposit is a stockwork. They are 
irregular in vertical section. The discovery vein, with a length of 20 meters, 
disappeared at a depth of 15 meters. The mineralization is later than the folding 
and faulting, and there is no evidence of important movement subsequent to it, 
except compacting due to supergene alteration. 

Traces of disseminated mineralization are found in all the underground work- 
ings at Shinkolobwe. It is distributed (1) in intimate association with the mas- 
sive veins and (2) independently of the veins, particularly as torbernite scales 
in rock cavities. The distribution is very irregular. The second type of dis- 
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seminated mineralization in the supergene “roches cellulaires” accounts for more 
than half the uranium in the oxidized zone. 

The minerals in the deposit are: 

(A.) Uranium minerals 
Uraninite. 
Uranium hydroxides—-ianthinite, becquerelite, schoepite. 
Hydrated uranates of lead—fourmariérite, curite. 
Hydrated silicates—soddite (Ur), uranophane (Ur, Ca), sklodowskite 
(Ur, Mg), kasolite (Ur, Pb). 
Hydrated phospates—torbernite (Ur, Cu), dewindtite (Ur, Pb), par- 
sonsite (Ur, Pb). 
(B.) Sulphides 
Pyrite, linnaeite, and carollite, pentlandite (Schneiderhéhn), chaleopy- 
rite, bornite, chalcocite, covellite, molybdenite. 
(C.) Native metals 
Gold, copper. 
(D.) Miscellaneous: 
Monazite, wulfenite. 

The mineralization commenced with intrusion of quartz veins and silicification 
of adjacent rocks. Accompanying this was development of monazite, tourmaline, 
apatite, chlorite, and tale. The second stage is that of the uraninite which 
formed by replacement of the quartz, and impregnating the carbonate wall rocks. 
Following the uraninite came the sulphides in the following order: Pyrite, lin- 
naeite and carollite, and chalcopyrite. The position of molybdenite in this group 
is not known, and the genesis of bornite is uncertain. They have formed by 
veining and replacing earlier minerals. The final stage of the primary minerali- 
zation was the formation of abundant carbonate, which replaced all the earlier 
minerals, but somewhat overlapped the sulphide mineralization. 

The remaining history of the deposit is that of supergene alteration. The 
uraninite is altered first to ianthinite and becquerellite and, in its final stage, to 
the phosphates, uranophane and sklodowskite, with curite persisting through the 
whole sequence. Much of the original uranium has been dispersed through the 
surrounding rocks as phosphates. As galena does not occur, the lead in wulfenite 
and the lead-uranium minerals is thought to be derived from the breaking down 
of uraninite to uranium lead. Chaleocite, covellite, and perhaps bornite, are 
supergene, as are also native gold and copper. The gold was probably derived 
from the sulphides. 

The Shinkolobwe deposit differs from the typical Katanga copper deposits, in 
relative abundance of uranium and nickel. In Katanga, uranium mineralization 
is co-extensive with that of copper and cobalt. The mineralization of all south- 
ern Katanga is believed to be magmatic. That the parent magma of the Shin- 
kolobwe deposit was acid is suggested by the presence of molybdenite, tour- 
maline, monazite, and uraninite itself, all so often associated with granite peg- 
matites. No intrusives reach the surface, however, within 25 kilometers of 
Shinkolobwe. The mineralization is thought to be of higher temperature type 
than usual in Katanga. 

APPENDIX B 

(Brief summary of “Die Paragenesen von Gediegen Silber und Wismut mit 

Kobalt-Nickel-Kiesen und der Uranpechblende zu Skt. Joachimsthal in Béhmen,” 
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by Richard Ziickert. Preuss. Geol. Landesaustalt, Mitteilungen der Abt. fiir 
Gesteins-, Erz-, Kohle- und Salz-Untersuchungen, Heft (1926) p. 69-132.) 

A detailed microscopic study of the native bismuth, native silver, cobalt-nickel 
mineral, and pitchblende ores of Joachimsthal in Bohemia (now Jachymov, in 
Czechoslovakia). 

Approximately 200 samples were studied, and the following minerals recog- 
nized: Native silver, native arsenic, native bismuth, stibnite, bismuthinite, galena, 
argentite, chalcocite, covellite, sphalerite wurtzite, millerite, niccolite, pyrite, 
smaltite-chloanthite, marcasite, arsenopyrite, safflorite-rammelsbérgite, léllingite, 
chalcopyrite, bornite, sternbergite and argento-pyrite, boulangerite, two ruby 
silvers, tetrahedrite, stephanite, polybasite, magnetite, hematite, and pitchblende. 

Two parageneses are distinguished, the native silver paragenesis and the native 
bismuth paragenesis. These are separated because each of the native metals 
forms dendrites, and they exhibit marked antipathy towards each other. 

Two periods of mineralization are postulated. The paragenesis and mineraliza- 
tion are summarized as follows: 


First mineralization period: 


Traces of hematite 
Native silver 
Native bismuth 
Pitchblende 
Niccolite 
White Co-Ni-arsenides 


Galena 
or native arsenic. 
Sphalerite 


Second mineralization period: 


Replacement of—Co-Ni-arsenides 
Native bismuth 
Native silver dendrites 
Niccolite 

Deposition of —Bi and Ag minerals 
Carbonates 
Quartz 
Copper minerals. 


The author also recognizes the presence of several different generations of 
pitchblende. 


APPENDIX C 


(Summary of “Beitriige zur Kentniss der Kobalt-Nickel-Wismut-Silber-Erz- 
gange,” by Karl Keil, Dresden; 1929. Dissertation, Freiberg (1929) Abs.: Zeit. 
fiir prak. Geol. (1933) p. 104.) 

A detailed microscopic study of the cobalt-nickel, native bismuth, and native 
silver ores of the various districts of the Erzgebirge in Saxony and Bohemia, in- 
cluding their comparison with other districts such as Cobalt and Silver Islet, in 
Canada, and Monte Cristo, near Wickenburg, in Arizona. 
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Two periods of mineralization are recognized in the deposits of the Erzge- 
birge: 
First period: 
(a) Arsenide phase. The most important minerals are native silver, native 
bismuth, and pitchblende. 
Second period: 
(b) Sulphide phase. 
(c) Rich silver ore phase. 

The paragenesis of the minerals in the three phases is complex. In general, 
the minerals of the arsenide phase, which preceded pitchblende, are fluorite, 
quartz, smaltite-chloanthite, native bismuth, and native silver; the minerals 
that succeeded pitchblende are safflorite-rammelsbergite, niccolite, smaltite- 
chloanthite, gersdorffite, léllingite, fluorite, barite, quartz, dolomite, and calcite. 

The paragensis of the minerals of the later sulphide phase is: Bismuthinite- 
galena, marcasite, pyrite, sphalerite, chalcopyrite, galena, gel-marcasite. 

The paragenesis of the rich silver ore phase is: Tetrahedrite-tennantite, poly- 
basite, stephanite, “Silberkiese” (e. g., sternbergite, argyropyrite, argentopyrite, 
and friseit), argentite, native silver. 
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Piate 63 
BOTRYOIDAL AND CELLULAR PITCHBLENDE 


Ficure 1—RIcH PITCHBLENDE ORE. 

Hand specimen, showing typical botryoidal surfaces. No.1 zone. x 14. 

Photograph, courtesy H. 8. Spence. 
Ficure 2.—RicH PITCHBLENDE ORE. 

Polished hand specimen, showing a section through typical botryoidal 
structures. Note also the brecciated fragments which have been 
cemeted by quartz (dark gray). The pitchblende is light gray. No. 
1 zone. x¥%. Photograph, H. S. Spence. 

Ficure 3.—BorryomaAL PITCHBLENDE IN QUARTZ. 

Numerous fractures in the pitchblende (gray) contain quartz (black) ; 
fine veinlets of carbonate in both pitchblende and quartz contain 
small grains of galena (white). Southwest end of No. 2 zone. x35. 

Ficure 4.—CErLLULAR PITCHBLENDE IN QUARTZ. 

The quartz (black) contains clusters of tiny crystals of a cobalt-nickel 
mineral (white), and a small amount of galena (white) has been 
deposited along fine veinlets of carbonate where these cut the pitch- 
blende (gray). Southwest end of No. 2 zone. x 45. 
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Piate 64 
COLLOFORM, CELLULAR, AND RING-LIKE TYPES OF PITCHBLENDE 


Ficure 1—Co.LororM PITCHBLENDE IN QUARTZ. 
The pitchblende (gray) is rimmed by carbonate (soft, with low relief), 
and both quartz (dark gray) and pitchblende are penetrated by fine 
veinlets of carbonate which carry later sulphides (white). Adit 
level. x30. 
Figure 2.—IRREGULAR CELLULAR STRUCTURES OF PITCHBLENDE IN QUARTZ. 

Chaleopyrite (white) accompanied by carbonate and a little tetrahedrite 
and native silver have invaded pitchblende (gray) and quartz (dark 
gray). Northeast end of No.2 zone. x 120. 

Figure 3—RING-LIKE TYPE OF PITCHBLENDE STRUCTURES IN DOLOMITE. 

In places showing coalescence to form an irregular cellular pattern. 
The small white grains are sulphides. Northeast end of No. 2 zone. 
x 10. 

Fiaure 4.—ReEMNANTS OF RING-LIKE PITCHBLENDE STRUCTURES AND CORRODED RESI- 
DUALS OF QUARTZ IN DOLOMITE. 

The structures of the pitchblende (light gray) extend from within 
the quartz (dark gray) into the dolomite, suggesting that they 
originated in quartz which was later replaced by dolomite. Adit 
level. x90. 
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Puate 65 
FRAGMENTAL AND SPHERULITIC PITCHBLENDE 


Ficure 1—FRAGMENTS OF PITCHBLENDE CEMENTED BY QUARTZ. 

The quartz (black) contains small crystals of cobalt-nickel mineral 
(white). This is typical of a considerable part of the siliceous type 
of ore. Fine veinlets of carbonate, which are responsible for the 
introduction of tiny grains of galena (light gray) into the pitch- 
blende (gray), may be seen in the quartz. Southwest end of No. 
2 zone. x35. 

Figure 2.—PiTcHBLENDE IN CARBONATE GANGUE. 

The gangue is mostly dolomite but contains some veinlets and grains 
of softer manganese carbonate. The pitchblende (gray) is veined and 
somewhat replaced by chalcopyrite (Cp), tetrahedrite (Tet), and 
stromeyerite (Str, rough gray, etched with FeCl,). Northeast end 
of No.2 zone. x90. 

Ficure 3.—SpHERULITIC PITCHBLENDE 

Small spherulites in quartz between larger botryoidal structures. 

Southwest end of No. 2 zone. x65. 
Ficure 4.—SPHERULITES OF PITCHBLENDE IN QUARTZ. 

The spherulites show a tendency to coalesce to form structures sug- 

gestive of botryoidal forms. Southwest end of No. 2 zone. x 110. 
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Puiate 66 
REPLACEMENT OF PITCHBLENDE 


Ficure 1—CoNceNntTrIC STRUCTURES OF PITCHBLENDE, TETRAHEDRITE, AND CHAL- 
COPYRITE. 

The form is very similar to the pitchblende structure shown in Plate 
65, figure 2. All degrees of replacement of the pitchblende by 
dolomite are visible in polished sections from this locality. In this 
figure the pitchblende has been almost completely replaced, leaving 
the sulphides and remnants of pitchblende as evidence of the original 
structures. Northeast end of No. 2 zone. x90. 

Ficure 2.—VEINLET OF GALENA AND CARBONATE IN PITCHBLENDE. 

The alteration of Pitchblende I (light gray) to Pitchblende II (darker 
gray) is well shown. The loci of alteration are the main fractures 
and, to a lesser extent, the fine “shrinkage cracks” adjacent to these. 
Galena (white); Carbonate (medium gray in the veinlets). North- 
east end of No. 2 zone. x50. 

Ficure 3.—PiTcHBLENDE I REPLACED BY PiTcHBLENDR II. 

Pitchblende I (light gray) is comparatively hard; Pitchblende II (dark 
gray) is very soft and earthy in this section. Note the extensions of 
Pitchblende II into Pitchblende I along fractures, and the remnants 
of Pitchblende I apparently left as outliers in Pitchblende II. This 
strongly suggests replacement relationships, but from the complete 
evidence it is undoubtedly chiefly alteration. Northeast end of 
No. 2 zone. x65. 

Figure II auterep To PitcHBLeNDE III. 

Pitchblende II (dark gray) altered along fine fractures to Pitchblende 
III (light gray). The action is regarded as the reverse of that illus- 
trated in figure 3. Northeast end of No. 2 zone. x73. 
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DENDRITIC STRUCTURES 


Ficure 1—DeENpRITIC PITCHBLENDE IN QUARTZ. 

This form is typical also of the cobalt-nickel minerals in some sections. 
Southwest end of No. 2 zone. x43. 

Figure 2.—DENDRITIC PITCHBLENDE IN QUARTZ. 

The pattern is here so strikingly regular that it has been termed “lattice- 
link” pattern. Southwest end of No.2 zone. x 45. 

Figure 3.—DENDRITIC PITCHBLENDE IN CARBONATE. 

The form of the dentrites is cubic, the central portions being quartz. 
A comparison with figure 4 shows the striking similarity of these 
pitchblende dendrites to those of safflorite-rammelsbergite. Adit 
level. x50. 

Ficure SAFFLORITE-RAMMELSBERGITE. 

Skeletal crystals in carbonate. Island zone. x 18. 
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Figure 1.—SMALTITE-CHLOANTHITE. 

Rhythmic zoning of smaltite-chloanthite (A) with either a cobalt-rich 
member of the same series or nickel-skutterudite (B) which has been 
darkened by etching with HNO;. Skutterudite (C, blackened by 
etching with HNO:) is grown on these banded crystals. They all 
are crossed by veinlets of cobaltite (white). Veinlets of quartz cut 
the assemblage. No.1 zone. x47. 

Ficure 2—G.avcopor. 

Clusters of crystals of glaucodot in quartz. Southwest end of No. 2 

zone. x 120. 
Ficure 3—Macnetite. 

Magnetite (dark gray) veined and replaced by hematite (light gray) in 
silicates (black). 600 feet northeast of narrows in Dumbell Lake. 
x 144, 

Figure 

Chaleopyrite (light gray) containing corroded remnants of pyrite 
(white) in magnetite-hematite such as is shown in figure 3. Same 
locality as figure 3. x 87. 


952 oD. F. KIDD AND M. H. HAYCOCK—ORES OF GREAT BEAR LAKE 


69 
ORE MINERAL ASSOCIATES OF PITCHBLENDE 


Ficurn 1.—BisMuTH. 

Irregular veinlet of native bismuth (rough, light gray) with border 
of Unknown Mineral No. 5 (medium gray, smooth). No. 1 zone. 
x 144, 

Ficure 2.—Cove..ite. 

Narrow veinlet containing an assemblage of soft copper-silver (?) 
minerals (Cu-Ag, light gray) replaced by covellite (Cov, medium 
gray). Along the border and in apophyses of the veinlet, hematite 
(Hem, hard, white) is present as probably the first vein mineral. 
Gangue is carbonate. Northeast end of No. 2 zone. x 107. 

Ficure 3—RAMMELSBERGITE. 

The rammelsbergite (Ram, white) is veined by tetrahedrite (Tet, light 
gray), chalcopyrite (Cp, white), and bornite (Bo, gray). Tetrahed- 
rite replaced by bornite; bornite replaced and veined by chalcopyrite. 
The sulphides are associated with a small amount of carbonate 
(rough, black to dark gray) in quartz (smooth, dark gray). Island 
zone. x 107. 

Ficure 

The chalcopyrite (white) is invaded by chalcocite (gray). Gangue is 

black. Southwest end of No. 2 zone. x690 (oil immersion). 
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Figure. 1.—GALENA. 
Etched with 1:1 HNO; for 30 seconds. Note the border of practically, 
unetched material which is absolutely indistinguishable from galena 
(rough gray) before etching. Northeast end of No. 2 zone. x47. 
Figure 2—VEINLET OF GALENA IN PITCHBLENDE. 

The galena (white) has been replaced along its borders and cleavage 
cracks by hessite (dark gray, rough) which has been etched with KCN. 
Note also the shrinkage cracks in the pitchblende (gray). North- 
east end of No. 2 zone. x 75. 

Figure 3.—Hessire. 

Irregular grains of hessite (rough, dark gray) in tetrahedrite (smooth, 

light gray); pits (black). Northeast end of No. 2 zone. x 180. 
Ficure 4.—ARGENTITE IN CHALCOPYRITE. 

Numerous small grains of sphalerite (dark gray) and gangue (black) in 
chalcopyrite (gray), containing argentite (Arg). The sphalerite is 
undoubtedly earlier than chaleopyrite. A veinlet of argentite cuts 
across both sphalerite and chalcopyrite. Northeast end of No. 2 
zone. x 144. 
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Figure 1—ARGENTITE INVADING TETRAHEDRITE. 
Same section as Plate 70, figure 4. The irregular grains of argentite 
(dark gray, Arg) appear to be residual grains in the tetrahedrite, 
but when the connecting veinlets are also visible, it becomes clear 
that they are merely “lakes” along the veinlets, which might be 
likened to “rivers.” Northeast end of No. 2 zone. x 144. 
Figure 2—CHALCOPYRITE AND STROMEYERITE. 
Chalcopyrite (light gray) and stromeyerite (medium gray) containing 
crystalline carbonate (dark gray) with a suggestion of dendritic form; 
Pits (black). Northeast end of No.2 zone. x 62. 
Figure 
Veinlet of stromeyerite (light gray) containing fragments of hematite 
(Hem) and pitchblende (Pbe). Carbonate gangue is dark gray; pits 
are black. Adit level. x80. 
Ficure 4.—IRREGULAR VEINLET OF JALPAITE CUTTING PITCHBLENDE. 
Jalpaite (Jal, white); native silver (Ag, white); covellite (Cov, light 
gray); pitchblende (Pbe, medium gray); carbonate, dark gray. 
Northeast end of No. 2 zone. x 144. 
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Ficure 

Veinlet of jalpaite (Jal, white) containing remnants of chalcopyrite 
(Cp, light gray) and fragments of hematite (Hem). Pitchblende 
(Pbe, gray), carbonate (dark gray), pits (black). Northeast end of 
No. 2 zone. x 144. 

Ficure 2—PircHBLENDE AND CHALCOPYRITE. 
Ring type of pitchblende (light gray) associated with chalcopyrite 
(white) in a gangue composed chiefly of carbonate (gray) which 
contains quartz remnants (dark gray) which in some cases have 
obviously been protected from attack by the carbonate by armoring 
effect of the pitchblende. Northeast end of No. 2 zone. x 97. 
Figure 3—IMPERFECT DENDRITIC GROWTH OF PITCHBLENDE. 

Pitchblende (light gray) associated with chalcopyrite (indistinguish- 
able) in a gangue composed of carbonate which contains remnants of 
quartz (dark gray). The white grains in the carbonate are native 
silver. Northeast end of No. 2 zone. x97. 

Ficure 4—Dennpritic cRowTH. 

Pitchblende and associated chalcopyrite (light gray) in carbonate. 
Remnants of quartz (dark gray) are to be seen, particularly within 
the skeletal cubic forms of the pitchblende. The white grains in 
carbonate are native silver. Northeast end of No. 2 zone. x75. 
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Figure 1.—CarBoNate. 

Dendritic forms of soft carbonate etched into harder carbonate by 
differential polishing. The soft carbonate contains numerous small 
residual grains of pitchblende and chalcopyrite (light gray) which 
are apparently the remains of largely-replaced structures similar 
to those shown in Plate 72, figure 4. White grains are native silver. 
Northeast end of No. 2 zone. x 110. 

Figure 2.—DeENDRITIC STRUCTURE. 

Same type of structure as shown in figure 1. Native silver (white) 
forms the centers of the dendrites. Northeast end of No. 2 zone. 
x 110. 

Figure 3.—DENTRITIC STRUCTURE. 

Same type of structure as shown in figure 2. This represents a more 
advanced stage in the replacement of the hard carbonate by the soft 
carbonate, and also in the introduction of native silver. Northeast 
end of No. 2 zone. x 110. 

Figure 4.—WELL-DEVELOPED SILVER DENDRITES. 

Representing same assemblage as shown in figure 3. Northeast end of 
No. 2 zone. x65. (Insert): Low power photograph of polished 
surface of figure 4, showing a definite pattern of dendrites, strongly 
suggestive of cleavage control (possibly rhombic cleavage of car- 
bonate). x1. 
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Puate 74 
NATIVE SILVER AND ASSOCIATES 


Figure MELSBERGITE. 

Skeletal crystals of safflorite-rammelsbergite (R-S) whose cores have 
been completely or partially filled with native silver (Ag). Gangue 
(black). Island zone. x48 (oil immersion). 

Ficure 2.—NArIVE SILVER AND ASSOCIATED SULPHIDES. 

Disseminated in carbonate gangue adjacent to pitchblende (dull gray, 
at lower right). The silver (white) occurs in clusters of tiny diamond- 
shaped crystals (reduction too great for this to be seen) which are 
so typical of the cobalt-nickel minerals that the silver is regarded 
as pseudomorphous after these. The sulphides are light gray. 
Adit level. x 98. 

Ficure 3.—DENDRITES OF NATIVE SILVER 

Borders of pitchblende (light gray) in a gangue composed essentially 
of quartz (dark gray). Native silver is white. Northeast end of No. 
2 zone. x27. 

Figure 4.—DENDRITES OF NATIVE SILVER. 

Portion of same field as is shown in figure 3. This illustrates excep- 
tionally well the formation of the silver dendrites with fragmentary 
rims of pitchblende, apparently in places somewhat attacked and 
replaced by the silver, or some mineral which the silver has itself 
replaced. Northeast end of No. 2 zone. x65. 
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Figure 1—VEINLETS IN PITCHBLENDE. 
Tetrahedrite (Tet, gray), chalcopyrite (Cp, light gray), native silver 
(Ag, white), and carbonate (dark gray) in pitchblende (Pbe). 
Adit level. x 150. 
Ficure 2.—NATIVE SILVER AND ASSOCIATES. 
Native silver (Ag), bornite (Bo), chalcocite (Cc), stromeyerite (Str), 
and feathery structures of Unknown No. 2 in chalcocite; carbonate 
gangue (black). Adit level. x 150. 
Ficure 3—CHALCOPYRITE WITH UNKNOWN MINERAL. 
Corroded remnants of Unknown No. 1 (light gray) in chalcopyrite. 
Northeast end of No. 2 zone. x 135. 
Ficure 4—SpHERvLITES. 
Small spherulites composed of various mixtures of sulphides (bornite, 
tetrahedrite, chalcopyrite) and native silver in carbonate gangue. 
“Ghost” spherulites, which are known to contain fine hematite dust, 
can also be seen. These spherulites are abundant in some sections. 
All stages of replacement of hematite spherulites by the sulphides 
and native silver (white) are visible. Adit level. x35. 
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PLATE 76 
NATIVE SILVER REPLACING HEMATITE SPHERULITES 


Ficure 1—“Guosr” strUcTURE. 

In carbonate gangue. Adit level. x150. Photograph in reflected 

vertical light. 
Ficure 2—“GuHost” sTRUCTURE. 

In carbonate gangue. The internal structure is apparent. It is deep red 
in color, indicating much finely-divided hematite. Same field as 
figure 1. x 150. Photographed in oblique light, by means of “Ultro- 
paque” illuminator. 

Ficure 

Native silver replacing a hematite spherulite. Adit level. x 175. 
Photographed in reflected vertical light. 

Ficure 4—REpLACEMENT OF HEMATITE SPHERULITE BY NATIVE SILVER. 

Note the concentric banding in the silver, due to concentric bands of 
tiny gangue inclusions, brought out by photographing in oblique 
light. Same field as shown in figure 3. 
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INTRODUCTION 


In 1930, during a study of the geology of an area in west-central 
Oregon within which occur the quicksilver deposits of Blackbutte, Elk- 
head, Bonanza, and Nonpareil, a series of extrusive and intrusive basal- 
tic igneous rocks were encountered. Part of this area lies within the 
Roseburg quadrangle, mapped by Diller in 1898. Diller called all 
these rocks “diabase.”* It is the purpose of this paper to show that 
the basaltic rocks include amygdaloidal and ellipsoidal basalt flows, 
olivine basalt dikes, norite sills and necks, and hypersthene-augite 


* Manuscript received by the Secretary of the Society, September 10, 1934. 

+ Published by permission of the Director, U. S. Geological Survey. 

1J. S. Diller: Description of the Roseburg quadrangle [Oreg.], U. S. Geol. Surv., Geol. Atlas, 
Roseburg folio, no. 49 (1898) p. 3. 
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NSS 
SQ 
iN She \ WA SSS 
: 
3 : 
Tev 
| | 
j 
| 
‘ 4 
4 Ax 
Ay if 
Z N i 
= ev 
SN 
WAN 
Fy 


INTRODUCTION 963 


basalt dikes and that they represent more than one period of igneous 
activity. 
SUMMARY OF GEOLOGY 

A full discussion of the geology of this area is found in a recent bulle- 
tin of the United States Geological Survey; ? it can be briefly sum- 
marized as follows: 

The southwestern part of the area (Fig. 1) is underlain by the 
Umpqua formation, a series of interbedded sandstones and shales of 
Eocene age, that have been compressed into gentle folds with a north- 
west trend. Intercalated in and contemporaneous with the sandstones 
are lenses of conglomerate, beds of palagonite tuff, and flows of amygda- 
loidal and ellipsoidal basalt. The Umpqua formation has also been 
intruded by norite sills and basalt dikes. The Calapooya formation, 
a series of volcanic conglomerates, andesitic tuffs, breccias, and flows, 
of Eocene (?) age, that dips at a low angle toward the east, rests un- 
conformably on the Umpqua formation in the eastern part of the area. 
The Calapooya formation is cut by basa]t dikes and norite necks. 


EFFUSIVE ROCKS 
AMYGDALOIDAL AND ELLIPSOIDAL BASALT FLOWS 
Distribution.—Basalt flows are exposed in irregular, usually elongate 
outcrops, the long axes of which trend parallel to the strike of the 
Umpqua beds. These outcrops are most abundant in the southern 
part of the area, in Township 25 South, Range 4 West, and in a large 
elliptical area in Township 23 South, Ranges 4 and 5 West. 


Petrography.—Megascopically, specimens of the basalt are dark 
greenish gray to black and are usually aphanitic—though the amygda- 
loidal varieties are commonly porphyritic, the phenocrysts of plagio- 
clase being aggregated together in more or less conspicuous clots. A 
few small vesicles filled with zeolite minerals are present in most of the 
specimens. The amygdaloidal varieties are characterized by abundant 
white amygdules a centimeter or more in maximum diameter. The 
cavernous areas between the ellipsoids as well as the closely spaced 
radial joints have greatly facilitated weathering, and as a result the 
glass selvages are commonly stained. 

Under the microscope the lava is seen to be of normal basaltic char- 
acter. In general the texture of the ellipsoidal flows is intersertal; of 
the amygdaloidal flows, intergranular. Augite and labradorite (Anse) 


2F, G. Wells and A. C. Waters: Quicksilver deposits of thwestern Oregon, U. S. Geol. 
Surv., Bull. 850 (1934). 


M 
q 
| 
q = 


964 F.G. WELLS, A. C. WATERS—BASALTIC ROCKS IN UMPQUA FORMATION 


are the most abundant minerals and are present in approximately equal 
amounts, the augite with much opaque dark-brown glass occupying the 
spaces between the randomly arranged minute laths of labradorite. 
Augite and labradorite occur in two generations, and in each the pheno- 
crysts are aggregated together in glomeroporphyritic clots. Pseudo- 
morphs of a yellowish-brown alteration product after olivine are spar- 
ingly present. Magnetite is a common accessory, and minute crystals 
of apatite are also found. In some specimens the groundmass has been 
partly altered to serpentine and a reddish-brown product. The 
amygdaloidal cavities commonly present an outer covering of chlorite 
and a central filling of fibrous chalcedony with negative elongation, or 
they may be filled with calcite and zeolites, of which thomsonite (PI. 
77, fig. 1)—easily recognized by its low relief, positive elongation, and 
parallel extinctions—is the most abundant. 

Although glass is very abundant in the groundmass of the ellipsoidal 
basalts, the dark-brown opaque glass that forms the mesostasis be- 
tween the adjacent minerals differs strikingly from the transparent 
glass formed by chilling in contact with water at the surface of the 
ellipsoids. This is well shown by a thin section of glass breccia exposed 
in a small quarry near the northeastern extension of the lava mass on 
Banks Creek. Under the microscope this rock is seen to be composed 
of large shards of perfectly clear light yellowish-brown glass in which 
are embedded a few tabular crystals of feldspar and grains of augite 
(Pl. 78, fig. 1). The glass is perfectly isotropic. It is traversed by 
numerous cracks, along which it has been hydrated to a yellowish col- 
loidal-appearing substance showing very faint aggregate polarization 
and a relief less than that of canada balsam. This specimen prob- 
ably represents an incipient stage in the alteration of the glass to 
palagonite. Inthe same thin section, fragments of exceptionally glassy 
lava may also be seen, but the glassy base of the lava is of the opaque 
variety. 

A chemical analysis of the flow rock (Table 1, col. 1) shows it to be 
a typical basalt, corresponding closely to the average of plateau basalts 
given by Daly (Table 1, col. 3). 


Structure and extrusive origin of the basalts ——Though most of the 
flows are massive, showing no structure, they may grade up- 
ward into amygdaloidal or ellipsoidal material, or, more commonly, 
the whole flow may contain such material. In extreme examples, filled 
amygdules may constitute as much as 25 percent of the mass, and the 
ellipsoidal flows may consist of large individual pillows embedded in 
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FicurE 1. BASALT FROM GASSY CREEK Figure 2. DIABASE DIKE 
Showing a large amygdule filled with thomsonite. Exposed in the northwestern part of the Nonpareil- 
(Ordinary light, X 18) Note the low degree of crys- Bonanza area. Light gray (plagioclase), dark gray 
tallinity of the basalt as compared with the basalt (augite), black (magnetite). (Ordinary Light, x 18) ' 
dike illustrated in figure 2. : 


Ficure 3. NORITE SILL FROM CAZAD MOUNTAIN 
Showing magnetite enclosing hypersthene, augite, and labradorite. 
(Ordinary light, x 18) 
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palagonite tuff. The pillows average two feet in diameter but range 
from one to eight feet. They conform in general to a fairly uniform 
globular or ellipsoidal outline, though many of them have rounded ex- 
tensions like the irregularities of a knotty potato. Individual ellip- 
soids manifest a characteristic radial columnar jointing, which sepa- 
rates the globular mass of lava into pyramidal blocks with bases rarely 
more than two inches across. 

The flows are arranged in definite layers from three to sixty feet 
thick. The top and, to a lesser degree, the bottom in the amygdaloidal 
varieties is clearly marked by the greater abundance of amygdules in 
the highly scoriaceous surface. At many localities, notably on the 
hillside northwest of Adams Creek and in the Elkhead mine, the con- 
tact between the amygdaloidal lavas and the overlying sedimentary 
rocks of the Umpqua formation can be seen. The contact is clearly 
erosional: the overlying sediments show no evidence of baking and 
commonly contain pebbles of the amygdaloid. 

The structure of the lava flows is difficult to ascertain, but in the 
few localities where dips and strikes can be accurately determined 
the structure appears to conform in a general way to that of the Umpqua 
formation. 

These structures indicate that the basalts are flows intercalated 
in the Umpqua formation. Additional facts that support this inter- 
pretation are: 

1. The conglomerates of the Umpqua formation, instead of being 
intruded by the basalt (“diabase”), are filled with pebbles of it. Basal- 
tic material locally forms more than 90 percent of these conglomerates. 

2. The local occurrence of unmetamorphosed conglomeratic material 
as a filling between ellipsoidal masses affords definite proof that the 
basalt is not intrusive. 

8. Amygdaloidal and vesicular texture can be observed in the basalt 
at almost every locality. 

4. The basalt shows remarkably low crystallinity and always con- 
tains a considerable mesostasis of glass in the groundmass. The tex- 
ture is intersertal, nowhere diabasic. This is believed to be due to 
drastic chilling resulting from extrusion into water. 

5. Individual ellipsoids are commonly margined by a chilled glassy 
surface, produced by contact with the water into which they were ex- 
truded. 

6. At certain localities the ellipsoidal lavas are intimately associated 
with a variety of basaltic glass (sideromelane) and its associated altera- 
tion product, palagonite—basaltic glass, which has been shown by re- 
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cent writers* to originate through the drastic quenching of basaltic 
magma either by water or by glacial ice. 

It seems doubtful if any considerable part of the large body mapped 
as diabase in the Roseburg quadrangle is actually intrusive. Diller * 
considered the finding of fragments of shale enclosed in the igneous rock 
near Roseburg to constitute proof of intrusive origin. Fuller® has 
shown, however, that this relationship may be brought about in the 
normal course of subaqueous extrusion. In the roadcut along the Pa- 
cific Highway, just south of Roseburg, ellipsoidal lavas occur at several 
horizons in the Umpqua shales, which show no baking at the upper con- 
tacts. From these shales, F. E. Turner has collected foraminifera which 
are being studied by Turner and S. A. Berthiaume.® 


PALAGONITE TUFF AND BRECCIA 


Intimately associated with the ellipsoidal lavas is fragmental mate- 
rial, composed of altered basaltic glass (palagonite) that ranges in 
texture from exceedingly fine-grained tuff to breccia in which the 
individual fragments are two or three inches in length. At some 
localities, as for example, near the southeastern corner of section 
35, Township 24 South, Range 4 West, this fragmental material 
fills the cavernous spaces between adjacent pillows, and individual 
exposures may show ellipsoids and pyroclastic material intermingled in 
all proportions. At other localities, as in the southern part of section 
16, Township 25 South, Range 4 West, the fragmental material occurs 
as a definite stratum that is not in contact with lava, but none of it has 
been found at an appreciable stratigraphic distance from the ellipsoidal 
lava, and the local intimate intermingling of the two, as well as the 
purely basaltic composition of the fragmental pyroclastic material, 
definitely establishes their contemporaneous origin. This fragmental 
material was separately mapped by Diller’ as the Wilbur tuff lentils. 

The finer-grained tuffs resemble rather closely a hard mudstone or 
argillite. On fresh fracture they are a dark green or steel-blue, but they 
weather readily to dull black and then resemble a fine-grained carbona- 


8M. A. Peacock: The petrology of Iceland. Pt. 1. The basic tuffs, Roy. Soc. Edinburgh, 
Tr., vol. 55 (1926) p. 51-76; The geology of Videy, southwest Iceland—a record of igneous action 
in glacial times, Roy. Soc. Edinburgh, Tr., vol. 54 (1926) p. 441-465. 
M. A. Peacock and R. E. Fuller: Chlorophaeite, sideromelane, and palagonite from the Columbia 
River Plateau, Am. Min., vol. 13 (1928) p. 365-383. 
R. E. Fuller: The aqueous chilling of basaltic lava on the Columbia River Plateau, Am. Jour. 
Sci., 5th ser., vol. 21 (1931) p. 281-300. 
4J. 8. Diller: ibid. 
5R. E. Fuller: The aqueous chilling of basaltic lava on the Columbia River Plateau, Am. Jour. 
Sci., 5th ser., vol. 21 (1931) p. 297. 
® Personal communication from F. E. Turner. 
7J. Diller: ibid. 
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ceous sediment. The coarser breccias, as is well illustrated by the ex- 
posures on the small rounded hill in Salt Lick Valley, are locally tran- 
sitional into the conglomerates of the Umpqua formation. The breccias 
vary greatly in color, but medium greenish-gray or light-brown material 
is the most common. The very fine-grained varieties are almost black. 

Although under the microscope these pyroclastic rocks show structure 
characteristic of palagonite breccia, original clear palagonite is not 
abundant, having been for the most part transformed into an almost 
irresolvable mass of obscure, very feebly bi-refracting substances, some 
of which appear to be of chloritic nature. Occasionally, however, frag- 
ments can be seen which are nearly isotropic and which show the typical 
colloform structure (P1. 78, fig. 2) and low index of refraction of palago- 
nite. Material identifiable as palagonite is seen to be completely tran- 
sitional into the more common aggregates of weakly bi-refracting sub- 
stances. In addition to the palagonite and its decomposition products, 
fragments of unaltered basalt and isolated fragments of the constituent 
minerals of the basalt are commonly present. In many specimens, car- 
bonates are abundant; opal and chalcedony are common, and in some 
specimens, zeolites also occur. 

Embedded in specimens of palagonite tuff collected from Banks 
Creek, Diller * found the remains of calcareous micro-organisms suggest- 
ing Globigerina, and minute bodies doubtfully identified as the tests of 
siliceous organisms. 

INTRUSIVE ROCKS 
OLIVINE BASALT DIKES 


Three large dikes and a few smaller dikes of olivine basalt cut the 
Umpqua formation in the northwest corner of the Nonpareil-Bonanza 
area. These dikes are very dark gray, rather coarsely crystalline, and 
very fresh. Under the microscope the rock is seen to have a typical 
ophitic texture and to consist of nearly equal amounts of augite and 
labradorite in grains of varying size (Pl. 77, fig. 2). Olivine was for- 
merly common but has been changed largely to a light-brown, almost 
isotropic alteration product. Its remaining fresh grains have optical 
properties (negative, 2V close to 90°) that indicate a high iron content. 
Magnetite and apatite are accessory. A little chlorite is present. 

These dikes correspond closely in chemical composition (Table 1, 
col. 2) to the basalt flows intercalated in the Umpqua formation and 
probably represent feeders to these flows. 


Ibid. 
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GABBRO AND NORITE 


At many places within the Blackbutte-Elkhead-Nonpareil area the 
rocks of the Umpqua and Calapooya formations have been intruded by 
small sills, dikes, and volcanic necks of gabbroic and noritic composi- 
tion. These are relatively resistant to erosion and form peaks such as 
Cazad Mountain, Harness Mountain, Bald Mountain, and Steens Butte. 


NORITE SILLS IN THE UMPQUA FORMATION 


Distribution and character—Sills of intrusive rock crop out south 
and east of the Elkhead mine. The upper portion of Cazad Mountain is 
composed of a norite sill, about 400 feet thick, which dips eastward with 
the enclosing Umpqua formation. Along the crest of the mountain the 
Umpqua beds near the norite contact have been hardened, and a pecu- 
liar mottling has been developed in certain beds of sandstone. The sill 
intruding the Umpqua formation east of the Elkhead mine, in sections 
26 and 25, Township 23 South, Range 4 West, has also produced note- 
worthy alteration of the enclosing sediments. 


Petrography.—tThe norite on Cazad Mountain has a granular texture 
and a medium-gray color not very different from that of the dark-col- 
ored diorites. Light-colored minerals predominate slightly. 

The microscope shows that the rock consists of labradorite (An,,), 
augite, hypersthene, and magnetite, named in order of decreasing abun- 
dance. Hypersthene and augite are present in nearly equal amounts 
and together make up nearly half of the rock. The feldspar and the 
hypersthene have typically euhedral outlines. Some of the augite 
shows crystal boundaries, but most of it is interstitial to the other 
minerals. Magnetite, which occurs as large continuous anhedral plates, 
appears to have completed its crystallization late, for it encloses all 
the other minerals and sends minute fingerlike projections into cracks 
within the other minerals or into openings between them (PI. 77, fig. 3). 

Near the middle part of this sill there are segregated bodies of a very 
coarse-grained, lighter-colored rock composed essentially of labradorite, 
augite, and magnetite with varying amounts of hypersthene. They can, 
therefore, be called “augite gabbro.” The observed relations indicate 
that these bodies were produced through differentiation subsequent to 
the injection of the igneous magma. 


VOLCANIC NECKS AND DIKES CUTTING THE CALAPOOYA FORMATION 


Distribution and character—The higher peaks surrounded by the 
Calapooya formation consist of intrusive rock, forming bodies with the 
oval or elliptical outlines characteristic of voleanic necks or small stocks. 
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Two such masses, on Bald Mountain and on Harness Mountain, occur 
within the Blackbutte-Elkhead area, and a third prominent mass forms 
Steens Butte, which lies just east of the area mapped. Steens Butte 
probably illustrates the nature of these intrusive bodies better than the 
others. It is a roughly cylindrical plug of dark-gray microgranular 
diabasic rock, about a mile in diameter, that has forced its way through 
the upper, or dominantly igneous, facies of the Calapooya formation. 
It has well-developed columnar jointing. The joints are vertical in the 
center of the plug, but toward the margins they curve outward to a 
horizontal position approximately perpendicular to the surrounding 
wall. Curving columns of this character are developed to a lesser de- 
gree in the plugs of Harness Mountain and Bald Mountain. The Har- 
ness Mountain plug is elliptical, with its longer axis about two and one- 
half times the shorter. The Bald Mountain plug is roughly circular. 


Petrography.—The intrusive body of Steens Butte has a fine-grained 
subhedral gabbroid texture and in mineral composition shows relation- 
ship to the Cazad Mountain sill. Its constituents, named in order of 
decreasing abundance, are labradorite (An,,), augite, hypersthene, 
biotite, quartz, orthoclase, magnetite, and apatite. Biotite is scarce and 
is invariably associated with hypersthene. Quartz and orthoclase occur 
together in fine-grained aggregates. The texture of the rock is that of 
a fine-grained gabbro, with a noticeably strong tendency toward idio- 
morphism among the constituent minerals. 

Though mineralogically the rock resembles the norite of Cazad 
Mountain, the norm calculated from the chemical analysis has a high 
percentage of quartz and alkali feldspar, so the rock may be designated 
a “quartz-augite diorite.”” This rock shows marked chemical similarity 
to a small augite diorite plug (Table 1, col. 6) in the Bohemia district, 
about 15 miles to the east. 

A specimen collected within the border of the Bald Mountain intru- 
sion consists of labradorite, augite, and minor amounts of hypersthene 
and well-formed magnetite embedded in a glassy groundmass crowded 
with tiny microlites. The texture is, like that of an intersertal basalt, 
exceptionally rich in feldspar. As the feldspar is labradorite, the rock 
may be called a “hypersthene basalt.” 

HYPERSTHENE BASALT DIKES 

A series of dikes differing slightly in texture and component minerals, 

but all of basaltic composition, intrude the Umpqua and Calapooya 


formations in the Blackbutte-Elkhead-Norpareil area. A basalt dike 
exposed on the 900-foot level in the Blackbutte mine is typical. Under 
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the microscope it shows aggregates of augite and hypersthene embedded 
in a felt of roughly parallel labradorite laths. Well-formed magnetite 
is an abundant accessory. The rock is surprisingly fresh in appearance, 
as contrasted with the adjacent highly altered andesite, and this sug- 
gests that it may have been intruded subsequent to the deposition of 


TaBLe 1—Analyses of typical igneous rocks from the Blackbutte- 
Elkhead-Nonpareil area 


1 2 3 4 5 6 7 
ee 47.51 | 47.90 | 48.80 | 50.23 | 53.63 | 52.67 | 53.27 
CM! Oe 12.81 | 18.79 | 13.98 | 15.85 | 17.95 | 17.36 | 17.08 
Oe 6.28 5.13 3.59 2.95 3.24 3.37 2.93 
| Os 6.86 8.26 9.78 4:22 4.84 5.14 6.06 
__| Saar 6.58 6.18 6.70 6.84 4.94 5.06 §.12 
aera 10.84 | 10.69 9.38 | 10.16 7.88 8.80 9.60 
* ae 2.09 1.73 2.59 1.58 2.25 3.06 2.28 
74 .69 97 1.16 73 
| Oe 1.91 1.13 1.80 1.67 1.12 2.15 1.52 
2.33 51 1.10 18 15 
.05 None None 09 08 
1.75 2.13 2.19 1.32 .91 1.13 1.04 
-76 82 33 .49 29 20 
.19 16 17 | 17 15 


1. Basalt flow, Douglas County, Oregon, sec. 24, T. 25 S., R. 4 W. J. J. Fahey, analyst. 

2. Diabase dike, Douglas County, Oregon, sec. 29, T. 24S., R. 4 W. J. J. Fahey, analyst. 

3. Average plateau basalt.® 

4. Norite, Cazad Mountain, Douglas County, Oregon, sec. 44, T. 238.,R.4 W. J. J. Fahey, analyst. 

5. Quartz diorite stock, Steens Butte, Lane County, Oregon, sec. 24, T. 23 S., R.3 W. J. J. Fahey, 
analyst. 

6. Basalt, The Dalles, Oregon.” H. S. Washington, analyst. 

7. Labradorite andesite, near Grizzly Saddle, Bohemia district of Lane County, Oregon. George 


Steiger, analyst. 


the ores. A slight amount of alteration is perceptible in the dike, how- 
ever. Most of the hypersthene crystals have been changed to serpentine 
pseudomorphs, and the feldspars show some cloudiness, but the augite 
is very fresh, and the rock as a whole shows no marked traces of the 
profound decomposition that has affected the andesite.’? 


®R. A. Daly: Igneous rocks and the depths of the earth (1933) p. 17. 

10 Eugene Callaghan: Some features of the volcanic sequence in the Cascade Range in Oregon, 
Am. Geophys. Union, Tr. (1933) p. 247, table 2, no. 1. 

1 Eugene Callaghan: op. cit., p. 246, table 1, no. 4. 

122 FP. G. Wells and A. C. Waters: op. cit., p. 29-31. 
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CHEMICAL DIFFERENCES BETWEEN EOCENE AND MIOCENE(?) 
IGNEOUS ROCKS 

It seems from the analyses available that the intrusive dikes and 

extrusive flows of Eocene age differ markedly from the intrusive rocks 

of Miocene (?) age. The Eocene rocks (analyses 1, 2) are typical 

basalts characterized by a low percentage of silica and alumina and 


TasLe 2.—Norms * 


1 2 3 4 5 6 7 § 
6.30 5.34 | 11.22 6.72 8.82 
13.62 | 18.86 | 25.68 | 19.39 
33.08 | 34.75 | 31.97 | 34.47 
17.00 | 12.40 | 12.70 | 12.80 
4.75 ean 8.84 5.02 5.15 7.26 
3.34 2.43 1.67 2.18 1.98 
2.02 1.34 1.68 .67 .34 


* Norms recalculated by Jewell J. Glass according to methods of T. F. W. Barth [Proposed 
change in calculation of norms of rocks, Min. pet. Mitt., vol. 42 (1931) p. 1-7] and H. S. Wash- 
ington [The use of ‘‘Ferrosilite’’ as a name for the normative molecule FeSiOs, Min. pet. Mitt., 
vol. 43 (1932) p. 63-66. 


high ferrous and ferric oxide; the Miocene (?) intrusives (analyses 
5, 7) have a much higher silica and alumina content and are corre- 
spondingly lower in ferrous and ferric oxide. Nevertheless, both types 
are characterized by high lime—a feature that, according to Calla- 
ghan,'* is common to all the rocks of the Cascade Range—and the 
analyses show sufficient similarity to indicate a possible consanguinity. 
The differences in chemical composition are shown mineralogically by 
the presence of olivine in the diabase and of hypersthene in the younger 
intrusives. The difference noted for the intrusive rocks also holds for 
the flows, the Eocene flows being olivine basalts chemically almost iden- 
tical with the diabase dikes, and the andesite flows in the Bohemia dis- 


18 Eugene Callaghan: Some features of the volcanic sequence in the Cascade Range in Oregon, 
Am. Geophys. Union, Tr., 14th Ann. Meeting, April 1933 (1933) p. 243-249. 
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trict corresponding in chemical composition to the Miocene (?) intru- 
sives. 

The analysis (no. 4) of the norite sill occurring within the Eocene 
sediments cannot be definitely allocated to one or the other group. The 
contents of silica, alumina, and ferric oxide are in accord with the 
analyses of the Miocene intrusives, but the ferrous oxide, lime, mag- 
nesia, and alkalies show close correlation with the analyses of Eocene 
basaltic rocks. Mineralogically the sills resemble some of the Miocene 
(?) intrusives, and on this basis they are tentatively assigned a Miocene 
(?) age. 
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INTRODUCTION 


The Queen Maud Mountains form the extreme southern boundary 
of the Ross Senkungsfeld. Their geographical relationships to other 
features of the Ross Sea sector are illustrated in Figure 1. These 
mountains were discovered by Amundsen on his journey to the South 
Pole in the summer of 1910-1911, but no geological work was done 
by members of his party; they remained a virgin field for the geo- 
logical staff of the Byrd expedition. Although the tops of the moun- 
tains and the gentler slopes are largely smothered with ice, making 
detailed exploration difficult and hazardous, the structure of the range 
as a whole is developed on such grand and yet such simple lines that 
its major features and relationships were revealed, even in the some- 
what hurried reconnaissance we were able to undertake." 


* Manuscript received by the Secretary of the Society, November 5, 1934. 
1L. M. Gould: Cold—The Record of an Antarctic Sledge Journey, Brewer, Warren, and Putnam, 
New York (1931) p. 124-256. 
(973) 
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GENERAL GEOLOGY 
MAJOR DIVISIONS 


As one approaches the mountains across the Ross Shelf ice from 
the north he is struck by the fact that, topographically, they fall 
into two grand divisions. In the foreground is a series of low-lying 
ragged peaks, and towering high above them in the background are 
great tabular flat-topped mountains. Subsequent and more detailed 
exploration of the mountains demonstrated that this topographic con- 
trast was a reflection of the character and structural conditions of the 
rocks. Thus, we found the foothills in the foreground to be composed 
of an extensive complex of ancient gneisses, schists, and granites, 
which later investigations have shown to be pre-Cambrian. In the 
background and overlying this old series is a great thickness of prac- 
tically horizontal sedimentary rocks (Pls. 79 and 83). 

Both the basement complex and the overlying sediments have been 
generously intruded by diabases (PI. 80, fig. 1). These are particularly 
conspicuous in the fairly light-colored sediments where they occur 
as thick sills, giving the whole a banded effect on such a gigantic scale 
that it can be effectively seen only from a considerable distance. 


BEACON SANDSTONE SERIES 


The whole sedimentary series as exhibited in Mt. Fridtjof Nansen 
is approximately 7,000 feet in thickness, of which about one third 
appeared to be diabase sills. On a climb up the slopes of this moun- 
tain we crossed the higher portion of the older rock series and the 
lower part of the overlying sediments. Two thousand feet of the 
sediments, with their diabase sills, were crossed. Figure 2 illustrates 
the structural relationships. The sediments are chiefly sandstones and 
shales, and, though no fossils were found in them, there seems no 
doubt of their equivalence to Farrar’s Beacon sandstone,’ first described 
from the vicinity of McMurdo Sound. Further explorations by the 
British demonstrated that this remarkable formation persists along 
the western boundary of the Ross Sea, even to Beardmore Glacier, 
in Latitude 84° to 85° South. Devonian fish scales were found in the 
basal portion, and Permo-Carboniferous strata with coal horizons and 
possibly even Triassic strata were found in the uppermost part of 
this exceptionally thick series of rocks. 

Detailed study of my collections in the laboratory has shown that, 
in the locality of Mt. Fridtjof Nansen in particular, the term sand- 


2H. T. Farrar: Geology, National Antarctic Expedition 1901-04, Nat Hist., vol. 1 (1907) p. 39-47. 
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Figure 1.—Geographical and structural features of the Ross Sea sector 


stone is not properly descriptive. Stewart* has made exhaustive 
petrographic and other analytic studies of all my rock collections, 
together with representative collections from the major earlier Anarctic 
expeditions. Rocks which in the field I had labeled and described 
as sandstones and shales, he finds should be identified as arkoses 
and shaly arkoses, for in many of the specimens the amount of 


® Duncan Stewart: The petrography of the Beacon Sandstone of South Victoria Land, Am. 
Mineral., vol. 19 (1934) p. 351-359. 
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feldspar exceeds the quartz, and in none does it fall an important 
percentage below. 

No single statement about the detailed or minor structural features 
of this great series of rocks would be applicable over great distances. 
Characteristics vary both horizontally and vertically. The so-called 
sandstone or arkose is a light yellow to buff rock, strongly cross- 
bedded in some localities and horizons (PI. 80, fig. 2), thinly bedded 


QUEEN MAUD MTS HORST 


t PRE -CAMBRIAN DEVONIAN TO TRIASSIC(? TERTIARY avarernany RECENT 
horizontal scale 
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vertical scale - three times horizontal 


Ficure 2.—Structure section across Queen Maud Mountains 


and grading into shaly arkoses in others. In places the arkoses are 
quartzitic, and the shaly arkoses are slaty, due to metamorphic effects 
of the thick sills. 

In the upper portion of the section closely examined the shaly arkose 
possesses noteworthy amounts of carbonaceous material. This con- 
stituent is more pronounced and characteristic at higher levels, where 
fragments of bright shiny coal were found in the talus. One dares 
not hazard a guess from such scant observations as to the exact 
character and extent of these coaly beds. 

The diabase sills are generally cliff makers, exhibiting conspicuous 
vertical joints. Where they are exposed as cap rocks the columnar 
jointing is largely obscured by thick accumulations of weathered 
angular blocks (PI. 81, fig. 1). The sediments commonly account for 
the gentler slopes. The very coarse-grained arkoses are generally 
imperfectly jointed whereas the shaly, and particularly the slaty, 
arkoses are notable for the perfection of their rectangular joint systems 
(Pl. 81, fig. 2). 
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STRUCTURE OF THE QUEEN MAUD RANGE 
GENERAL STATEMENT 


If one confined his explorations to the eastern, or Ross Sea, side 
he might easily believe that the Queen Maud Mountains were scarcely 
more than the dissected edge of an extensive plateau. One of the most 
astonishing structural features of the range in the 180 miles which 
we were able to observe was the apparently undisturbed condition 
of the Beacon series. Here is a series of sedimentary rocks and great 
diabase sills, the whole totaling no less than 7,000 feet in thickness, 
ranging in age from Devonian to Permo-Carboniferous and perhaps 
even younger and yet conformable throughout and displaying a total 
absence of folding. 

The stability indicated in the area of our explorations is not confined 
to the Queen Maud Mountains region. Debenham ‘* long ago pointed 
out that the Beacon sandstone exhibits this same stability from its 
northernmost occurrence in Adelie Land in Latitude 68° South and 
Longitude 150° East and throughout all its known exposures. 


THE HORST MOUNTAINS 


The Queen Maud Mountains form the northern boundary of the 
polar plateau in this sector of Antarctica. Amundsen® discovered 
that the polar plateau south of the mountains averages about 10,000 
feet above sea level, whereas some of the higher peaks we mapped 
exceed 13,000 feet. In the field it was at once evident that we were 
confronted with an extensive fault-block mountain range in which the 
horsts were bounded by nearly vertical fault planes. Along these 
planes the displacement had been practically uniform, as indicated by 
the nearly horizontal attitude of the sediments, in spite of the fact that, 
as in the case of Mt. Fridtjof Nansen at least, the vertical uplift could 
scarcely have been less than 6,000 to 7,000 feet. The Beacon series 
dips very gently southward toward the polar plateau but so slightly 
as to be imperceptible except from a considerable distance (Fig. 2). 

Had we needed evidence beyond that of our own observations as 
to the horst character of the range, no better proof of it could have 
been obtained than an aerial photograph (Pl. 82) taken by Captain 
McKinley from the south side of the range, when the plane was, of 
course, some hundreds of feet above the surface of the 10,000-foot 
plateau. A very real displacement between the polar plateau and the 
southern side, or scarp, of the range is apparent. 


«Frank Debenham: The sedi tary rocks of South Victoria Land, British Antarctic Expedition 
1910, Geol., vol. 1 (1921) p. 103-104. 
5 R. Amundsen: The South Pole, John Murray, London (1912) map opposite p. 438. 
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THE OUTLET GLACIER GRABEN 

Searcely less distinct than the great horsts, such as Mt. Fridtjof 
Nansen, are the huge valleys with their outlet glaciers, which drain 
the ice from the high polar plateau into Ross Sea. That the troughs 
through which these glaciers flow are in all cases merely greatly 
deepened valleys previously eroded by running water does not seem 
reasonable when one considers their size and shape. The greatest 
known valley glacier in the world is Beardmore outlet glacier, which 
was discovered by Shackleton in 1909 and used by him and later by 
Scott as a gateway through the mountain rampart up to the polar 
plateau. This glacier is 100 miles long and from 8 to 25 miles wide 
and is remarkably straight. It breaks through the South Victoria horst 
in the same manner as the outlet glaciers explored by us pursue their 
clear-cut courses down through the Queen Maud Mountains. We 
observed six of these huge streams of ice on our sledge journey along 
the foot of the range, all comparable to the Beardmore in character. 
Amundsen Glacier (Pl. 83) is one of the six. The relationships of 
the glaciers and their troughs to the mountain range is best demon- 
strated by the topographic map,° which was one of the chief results 
of the journey. 

Though David’ suggests hesitatingly that the transverse valleys 
of South Victoria horst are of tectonic origin, when applied to the 
valleys of the Queen Maud Range, that theory seems most reasonable. 
Their shear, clean-cut walls and straight courses invite this belief, 
and when one considers the known dimensions of the South Victoria 
horst as well as the Queen Maud horst it is difficult to suppose that 
cross-faulting, involving downthrown blocks, has not played a part, 
The explored length of the two horsts is at least 1,500 miles, and the 
width is from 50 to 100 miles. 

Wherefore, in brief summary, the Queen Maud Mountains are a 
part of one of the grand horst, or fault block, mountain systems of 
the world, consisting of differentially but essentially vertically faulted 
blocks. The great tabular mountains are horsts, and the floors of the 
larger, pronouncedly straight outlet glaciers appear to be graben. 


STRUCTURE OF SOUTH VICTORIA LAND 
GENERAL STATEMENT 


The western boundary of the Ross Sea has been ably investigated 
by British explorers as far south as Beardmore Glacier. All their 


®L. M. Gould: Some geographical results of the Byrd Antarctic Expedition, Geog. Rev., vol. 21 
(1931) p. 177-200. 

7™T. W. E. David and R. E. Priestly: Glaciology, phystography, stratigraphy and tectonic 
geology of South Victoria Land, British Antarctic Expedition 1907-09, Geol., vol. 1 (1914) p. 292. 
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observations have demonstrated and added details to the main fact— 
that South Victoria Land is a great plateau bounded by fault-block 
mountains whose structure throughout is particularly well displayed 
in the upthrown blocks, or horsts, with their thick cappings of the 
Beacon series which still maintains its nearly horizontal attitude. 
Though there still remains an area more than 100 miles in length 
between Beardmore Glacier and the western limits of the sector explored 
by us, there should be little or no question as to its character. The 
structure of the Queen Maud Range is an exact duplicate of that of 
South Victoria Land north of Beardmore Glacier and possesses the 
same stratigraphic relationships. The unmapped area between these 
two regions will undoubtedly be found to possess the same character- 
istics. Our Queen Maud Mountains explorations have therefore added 
another segment to the fault-block boundary of the Ross Senkungs- 
feld and have demonstrated that the South Victoria horst extends at 
least 300 miles farther east than it had hitherto been known to exist. 


TECTONIC HISTORY 

It is the consensus of opinion of students of Antarctic tectonics that 
the major deformation which involved the formation of this vast fault- 
block mountain system occurred in late Mesozoic or early Tertiary 
time. It does not necessarily follow that there has not been appreciable 
deformation since. As a matter of fact, igneous activity has continued 
even to the present, for not only are late Tertiary extrusions known, 
but mild volcanic activity is still maintained in one locality at least— 
Mt. Erebus. Wright ® calls attention to the interesting fact that the 
“ice divide”’—that is, the highest point of the ice covering of the polar 
plateau—lies quite close to the horst or the coastal range. He further 
indicates that this asymmetrical position appears to be the result of 
recent and probably continuing rise of the horst, which may also 
involve a tilting of the continent beneath the ice of the plateau. 
Amundsen’s traverse to the South Pole and return showed that a 
similar relationship exists between the ice divide south of the Queen 
Maud Mountains and the mountains themselves (Fig. 1). 

That the major faulting involved in the uplift of the Queen Maud 
Mountains is not recent is indicated by the fact that a considerable 
amount of erosion has taken place since the uplift. The fronts of 
the tabular mountains, which are invariably the high portions of the 
range, form a fault-line scarp now removed from 10 to 20 miles from 
what appears to be the position of the original fault scarp (Fig. 2 and 
Pl. 83). I have assumed that the fairly straight front of the outermost 


8C. S. Wright: Physiography of the Beardmore Glacier Region, British Ant. Expd. 1910-13. 
Harrison & Sons, London (1923) p. 2. 
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foothills of pre-Cambrian rocks marks this fault. We found no visible 
evidence of faulting between these foothills and the higher tabular 
mountains beyond them. It is to be expected that the removal of 
so much material by erosion would obscure, to a marked degree, 
evidences of faulting. Yet where tabular mountains have been reduced 
to elongated ridges by erosion along their sides or at right angles to 
the axis of the range, their eastern fronts possess distinguishable 
triangular facets, as Mt. Ruth Gade (PI. 79). 


STRUCTURAL PATTERN OF THE CONTINENT 
MAJOR DIVISIONS 


Students of Antarctic structure have long recognized that the 
continent as a whole falls into two grand divisions. That portion 
which lies below, or south of, the Atlantic and Indian oceans is known 
as East Antarctica. Wherever explored its basement is found to consist 
of ancient metamorphics and granites. It is characterized by great 
stability and simplicity of structure, being apparently a great ice- 
covered plateau, bounded in part, at least, by great horsts, as already 
noted. Its igneous rocks belong to the alkalic or Atlantic type. 

The second grand division is known as West Antarctica, and in the 
light of our present knowledge can be said with certainty to embrace 
only the drowned mountain arc below South America, known as the 
Antarctic Archipelago. In contrast to the simple plateau structure 
of East Antarctica this area is marked by pronounced folded structures 
which are apparently a continuation of the Andes. Furthermore, both 
petrographically and chemically the igneous rocks of this region corre- 
spond to those of the Andes; that is, they belong to the Pacific type. 


RELATIONSHIP OF EAST ANTARCTICA TO WEST ANTARCTICA 


The boundary between these two structural areas is entirely unknown 
so far as field observations are concerned. Do the Andean folds of 
the Antarctic Archipelago end abruptly against the continental land 
mass of East Antarctica? Do they continue across Marie Byrd Land 
and King Edward VII Land, plunging beneath the sea to re-appear 
as the Alps of New Zealand? Taylor’s speculations ® concerning these 
questions are well worth attention here, for he finds interesting anal- 
ogies between certain structures of New Zealand, Australia, and South 
America on the one hand and those of Antarctica on the other. Fig- 
ure 3 is a modification of one of Taylor’s figures and indicates his 
ideas as to these major relationships. 


®°G. Taylor: Antarctic Adventure and Research, D. Appleton & Co., New York (1930) p. 89-90. 
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In the light of information obtained on our expedition it seems that 
these relationships need to be materially modified. In Figure 1, I 
have indicated what seem to be the structural features associated with 
the Ross Senkungsfeld. I see no reason for believing that Andean 
rocks or structures will be found in either Marie Byrd Land or King 


M AUSTRALIAN SHIELD A 


ANTARCTIC SHIEL 


WEDDELL SEA 


ATLANTIC OCEAN 


Ficure 3.—Structural features of Antarctica and adjacent lands 


Edward VII Land. Unfortunately, our knowledge of the Edsel Ford 
Mountains in Marie Byrd Land is based upon a series of aerial 
photographs made from a distance of some 60 miles. It scarcely need 
be remarked that it is not safe to make positive statements about 
geologic relationships based upon such remote data. But a pains- 
taking study of these photographs has convinced me that the physio- 
graphic expression of the Edsel Ford Mountains is like that of the 
Queen Maud Mountains. They appear to be a clean-cut group or 
range of mountains with tabular tops, broken up by such great outlet 
glaciers as Balchen Glacier. They seem to have the earmarks of 
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fault-block mountains quite like those of the South Victoria horst and 
are probably backed by a great plateau which is like the polar plateau 
proper. It seems reasonable to believe that they are the structural 
equivalents of the South Victoria horst and form the eastern boundary 
of the Ross Senkungsfeld, even as the former structures constitute its 
western margin. 

Though this hypothesis may at first seem highly speculative there 
is definite evidence that the rocks, at least, on this eastern side of the 
Ross Sea are related to those of South Victoria Land rather than to 
those of the Antarctic Archipelago. Stewart ?° calls attention to the 
fact that Bodman, who examined the few specimens brought back 
from the Alexandra Mountains by Prestrud of Amundsen’s expedi- 
tion, found these specimens to possess characteristics different from 
those of the Antarctic Archipelago. Furthermore, after careful petro- 
graphical and chemical studies of my own collections from the Rocke- 
feller Mountains, Stewart concludes “that the rocks of the Rockefeller 
Mountains have close affinities with the high sodium- and potassium- 
bearing rocks of East Antarctica, and show little affinity with the high 
calcium-, magnesium-, and iron-bearing rocks of the Andes of South 
America and the Antarctic Archipelago.” 

The Rockefeller and the Alexandra mountains, and probably the 
other scattered peaks and ridges east of the front of the Edsel Ford 
Mountains, are but low erosion remnants of ancient pre-Cambrian (?) 
rocks. Were the ice to disappear these mountains would probably 
become more or less isolated islands or groups of islands, and the 
Edsel Ford Mountains would appear in their true light as the actual 
structural boundary of the Ross Sea depression. 


UNITY OF THE CONTINENT 


If the relationships just described be true, then there is little ground 
for continuing the belief in a possible connection between the Ross 
and Weddell seas, as suggested in Figure 3, and the division of the 
continent thereby into two major masses. For if the Edsel Ford 
Mountains are another South Victoria horst, then it follows that the 
unknown gap between them and the Queen Maud Mountains is likely 
to be a continuation of the same fault-block structures. The very 
position of Leverett Glacier, which marked the end of our sledge 
journey, is indicative of a possible major change in the direction or 
trend of the axis of the Queen Maud Mountains from eastward toward 
the north. Leverett Glacier has an almost east-west trend, suggesting 


2 Duncan Stewart: A contribution to Antarctic petrography, Jour. Geol., vol. 42 (1934) p. 550. 
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that its source is some high “polar” plateau to the eastward. If such 
a plateau exists it is surely a continuation of the present known polar 
plateau. The unity of the structure of the Antarctic continent then 
becomes a more remarkable fact than ever. In other words, the whole 
mass, except for the Antarctic Archipelago, would appear to be a great 
stable structural unit—one of the very great shields of the earth. 
Wilkins’ observations “ give good reason for believing that the Andean 
folded element is actually restricted to the Antarctic Archipelago, 
being abruptly broken off or terminated against Hearst Land, which 
appears to be a part of the main continental massif called East 
Antarctica in the foregoing pages. 


1 Sir H. Wilkins: Wilkins-Hearst Antarctic Expedition, Geog. Rev., vol. 19 (1929) p. 367-368. 
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INTRODUCTION 


Phenomena resulting specifically from the existence of plateau 
glaciers have been little noted in geological literature. Plateau gla- 
ciers have been described as a transitional type between mountain 
and continental glaciers, but they are actually sui generis. The sig- 
nificant characteristic of mountain glaciers is said to be the existence 
of unglaciated (in the sense of not overridden) rock summits at their 
heads. The snow-ice dome of the reservoir area of a representative 
plateau glacier does not even reflect the underlying rock relief. The 
margins of continental glaciers are at low altitudes, remote from the 
dispersion centers. Plateau glaciers terminate on the upland of their 


* Manuscript received by the Secretary of the Society, March 9, 1935. 
(985) 
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origin and exhibit the névé line and ice margin in essentially the same 
elevation. 

Ahlmann,} recognizing the defects of earlier attempts at classification, 
“hesitatingly” devised one. This takes into consideration the diffi- 
culties above suggested, by approaching the problem from two angles. 
Thus, on the basis of morphology, Ahlmann puts plateau glaciers in 
a major class defined as composed of ice in a continuous sheet that 
moves outward in all directions, and in a sub-class of ice caps defined 
as covering areas smaller than continental glaciers. Geophysically 
he distinguises between temperate glaciers and two types of arctic 
glaciers: (a) high arctic, (b) sub-arctic. Plateau glaciers belong with 
the temperate glaciers, whose outstanding characteristic is that the 
summer temperature of the entire glacier corresponds to the melting 
point of the ice. 

As plateau glaciers have been accessible in Norway it would seem 
that their particular features should have long been known. But 
because the first studies of glaciers were made in the Alps the 
concept was early established that a glacier is an ice stream moving 
down slope between confining valley walls. Hence, when observa- 
tions were directed to Norwegian glaciation, only outflow tongues 
of considerable length were identified as glaciers. The upland accu- 
mulations were referred to as ice- or snow-fields. Ahlmann,? indeed, 
points out that only in the exceptionally warm year of 1933 was it 
possible to establish the true glacial nature of ice formations in the 
Sogne and Nord Fiord districts, that previously had been considered 
snow-fields. Where ice did not show the characteristics of alpine 
glaciers its performance and phenomena were not considered to have 
significance for glacial studies. Such neglect also implies that the 
plateau glaciers as a class are inert. However, the observations herein 
recorded indicate that plateau glaciers may be active, and that they 
effect geomorphological changes by distinctive processes. 


HARDANGER GLACIER 
LOCATION 


The Hardanger Glacier, Norway, lies approximately 120 kilometers 
(75 miles)* directly east of Bergen, a short distance beyond the 
eastern head of the Eidford branch of the Hardanger Fiord. Topo- 


1 Hans W. son Ahlmann: The Swedish-Norwegian arctic expedition 1931, Part VIII, Glaciology, 
Geog. Ann., vol. 15 (1933) p. 161-164, 213-214. 

2 Op. cit., Part X, Present Glaciation round the Norwegian Sea, p. 320. 

3 By railroad route from Bergen to Finse, the station nearest the glacier, the distance is 200 
kilometers (125 miles). 
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graphically the glacier occupies a position near the border of the upland 
interior of Norway. It appears from the configuration of the ground 
that these two fiord channels, together with that of the Sorfiord, may 
concentrate precipitation on the summit uplands nearest their heads 
and thus determine in a general way the site of the Hardanger Glacier 
and of less well-defined glacial developments in the Hallingskarvet 
area, 10 kilometers (6.5 miles) farther north and east. This deduction 
derives support from the similarity in position of the Josteldalsbraen 
and Jotundheim glaciers in relation to the great Sogne Fiord. Further, 
as will be noted on the projected profile drawing (Fig. 1), the glacier 
is perched on the height of land. 
FORM AND EXTENT 


The site of the Hardanger Glacier is a summit section of the general 
upland and not a mountainous area rising above the average elevation 
of the plateau, as is clearly indicated by the circular ground plan of 
the ice mass and its nearly symmetrical domed surface. In these 
respects the glacier is ideally representative of the plateau type 
(Fig. 2). The average diameter is 10.5 kilometers (6.5 miles). The 
highest part of the dome is off center toward the northeast and has an 
altitude of 1,862 meters (6,109 feet). The elevation of the margin 
of the glacier averages 1,350 meters (4,400 feet) in its lower parts; 
1,500 meters (4,900 feet) where the terminus is at higher levels. The 
greatest projection outside the ring periphery is the Benibesdalskaakje 
(also mapped as Rembesdalskaaki), an outlet tongue over 3 kilometers 
- (2 miles) long which descends on the west side to the elevation of 
925 meters (3,000 feet). The existence of this pronounced tongue, 
reaching 450 meters (1,500 feet) lower than the average margin of 
the glacier, supports the inference regarding the indraft of moisture 
by winds up the fiord channels. It is clear from the map that the 
north side of the ice is least hemmed in by the rock relief. As the 
flow toward this north margin is active it is probable that all parts 
of the glacier are moving radially from the off-center crest of the 
dome. The free escape toward the north may, indeed, account for 
the off-center position of the summit and the steeper ice slopes there. 


THICKNESS 

In making the projected profile drawing, Figure 1, it was not sought 
to discover or to identify erosion surfaces at different levels, if such 
exist. Hence, the vertical exaggeration is only four times instead of 
the conventional 26 times. While the lesser exaggeration does not 
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Hy closely spaced levels, it does 
ence of a summit surface at a 
(4,900 feet). All students of 

agree that this upland level is 
the trace of an uplifted pene- 

been described by Hubbard.‘ 
= fh: estziis Here it is to be noted that this 
surface rises from both the east 
tH eH and the west to a highest level at 


the margins of the Hardanger 
Glacier. With the margins at 
1,500 meters (4,900 feet) a 
maximum elevation of 1,525 
meters (5,000 feet) may be as- 
sumed for the level of the rock 
floor under the center of the 
glacier. Subtracting this figure 
from the summit elevation of 
the ice at 1,862 meters (6,109 
feet), there remains approxi- 
mately 300 meters (1,000 feet), 
the indicated greatest thickness 
of the ice over the summit levels 
of the upland. If the dissection 
of the upland surface is in- 
cluded in the reckoning, there 
could be ice currents within the 
area of the central part of the 
glacier up to 450 meters (1,500 
feet) thick. The presence of 
nunataks just inside the ice 
margin is evidence that the rock 
relief under the glacier does not 


Drawing by C. Rappenecker. 


West to east extent of the section is 51.3 kilometers (31.7 miles 


rom which it was made there is an area not contoured. 


the north of it, 


Ficure 1.—Projected profile of Hardanger Glacier and environs 
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to north 71.2 kilometers (44.2 miles). 


4G. D. Hubbard: Unity of physiographic 
history in southwest Norway, Geol. Soc. 
Am., Bull., vol. 45 (1934) p. 640-641. 
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differ greatly from that immediately beyond its borders. If, neverthe- 
less, the glacier, as represented in the projected-profile section, appears 
to rest on a slightly elevated rock pedestal, such elevation may have 
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Figure .2.—Map of the Hardanger Glacier 
Drawing by C. Rappenecker. 


resulted from the lowering of the surrounding areas by circumglacial 
denudation of a distinctive type. 


GEOMORPHOLOGY 
ASPECT AND PREGLACIAL HISTORY 
The grooved upland.—In a general prospect from a viewpoint 
adjacent to the margin of the glacier the grooved aspect of the country 
(Pl. 84, fig. 1) is the dominating feature. These grooves are broad, 
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with flat floors and steep walls. A map view® confirms the visual 
impression as to the form of the grooves and makes it evident that 
such geomorphology is representative of wide areas of the upland. 
Divide areas between the larger grooves are broadly level, with sur- 
faces comprised of rounded knobs separated by shallow, ill-defined, 
and discontinuous hollows. These hollows are regarded as undeveloped 
duplications of the larger grooves. In plan there is no discernible 
pattern to the direction of the grooves except a vague streaming 
radially outward from the general center of the Hardanger Glacier 
site. Drainage follows these grooves in completely haphazard fashion. 

Ahlmann ° has systematically studied the geomorphology of Norway 
more than anyone else and contends that all the valley depressions 
of Norway had a fluvial or atmospheric weathering origin.’ If his 
postulation is correct then the grooves, major and minor, must have 
been initiated on the peneplaned, preglacial upland surface. 


The lineamented peneplain——Although generally accepted as a record 
of preglacial peneplanation the present aspect of the surface of the 
Norwegian upland in the vicinity of the Hardanger Glacier does not 
conform closely to such concept. Its relatively great relief may per- 
haps be ascribed to its position on the ancient, inland divide site. 
But the projected profile rather clearly demonstrates an erosion 
surface developed over diverse, ancient rocks of varying resistance 
to erosion. However, it may be questioned whether this interior region 
of Scandinavia was ever reduced to a near-base-level elevation. After 
it had been worn down to low altitudes, following early orogenic 
uplifts, there were probably repeated lesser upwarpings with suc- 
ceeding partial dissections, no one of which proceeded to the stage 
of peneplanation. The effect of such diastrophic and erosional history 
was to bring about perfection of adjustment between relief and struc- 
ture. According to Ahlmann, “A ground which has been folded is 
full of fractures and other zones of weakness, caused by tension com- 
pression and torsion, or by the interfoliation of strata of various 
resistant rocks. These zones of weakness, however, remain latent until 
some denuding agent has actualized them so that they stand out in 
the topography. . . . It is not probable that the inland ice, to any 
great extent, had the power of discovering and actualizing lines of 
weakness.” But Ahlmann, though he eliminates the inland ice and 


5 Kart over Bergensbanen paa straekningen Voss-Hol mid omliggende terrang, Norges geografiske 
opmaaling, Oslo, Norway. 

©H. W. son Ahlmann: Geomorphological studies in Norway, Geog. Ann., Stockholm, vol. 1 
(1919) p. 1-148, 193-252. 

7 Op. cit., p. 28. 
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points to atmospheric weathering as the “actualizing” agency, does 
not appear to sense the particular conditions under which this develop- 
ment of the structural weaknesses into topographic expression took 
place. 

Neither, apparently, did Hobbs ® in his work on “lineaments.” Hobbs 
was well aware of the variety of processes that develop such linea- 
ments because of underlying structural variations, but, like Ahlmann, 
he failed to take account of the diastrophic sequence necessary to 
develop the structural differences into regional topographic expression. 
As lineaments are dependent for their development on structural fac- 
tors that ordinarily only faintly affect the major geomorphology they 
need to be slowly and persistently etched into relief. Hence, if the 
progress of the normal physiographic cycle is rapid, such factors 
can get only local and temporary expression in any of the stages of 
its course. And it is to be noted particularly that, as lineaments 
indicate perfection of adjustment to structure in areas of low relief 
due to denudation, their presence in such sites makes the peneplain 
concept in its generally understood sense inapplicable. 

It is the many times repeated subjection to slight uplift with inter- 
vening still-stands that permits normal erosion, never carried to the 
stage of peneplanation, to search out every small degree of difference 
in resistance of the country rock, to give it expression in the relief, and 
to maintain such expression; and thus to bring about topographic linea- 
mentation of an area. Whereas, by definition, in the true peneplain 
stage the drainage will have, ideally, a dendritic pattern with only the 
grosser structural controls manifest in the broadly developed subdued 
relief. 

Preceding the earliest Pleistocene continental glaciations the Nor- 
wegian lineamented surface was warped upward, as described by Hub- 
bard,® in its central parts, to elevations measured by thousands of 
feet. Although active stream erosion, resulting in gorge cutting after 
such marked uplift, would be confined to the steep border of the warped 
area, the flat summit, representing the earlier erosion base, would be 
subject to a less vigorous dissection. Chiefly there would be removal 
of waste; in greatest volume from the deeper accumulations developed 
on the sites of structural weaknesses to weathering processes. In this 
manner a very irregular and diverse pattern of hollows and summits 
could develop preglacially on the upland as the lineaments were 
brought more strongly into relief. 


8 W.H. Hobbs: Repeating patterns in the relief and in the structure of the land, Geol. Soc. Am., 
Bull., vol. 22 (1911) p. 123-176. 
®°G. D. Hubbard: op cit., p. 647-650. 
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EFFECTS OF GLACIATION 

Hardanger Glacier in active motion—It could reasonably be pre- 
sumed that the Hardanger Glacier, one small remainder of the latest 
of the vast Pleistocene ice caps, would be a relatively inert ice mass. 
Contrary to such expectation the glacier is conspicuously active. 

As noted above, there is an outlet tongue more than 3 kilometers (2 
miles) long on the west side. On the south and east sides there are 
five lesser tongues projecting between well-defined valley walls beyond 
the generally circular margin of the main ice mass. On the north side, 
the ice has a wide, nearly free front, and there it could perhaps be 
expected that the ice would be inactive. Instead, the ice of the short 
lobes on the north side displays a perfect system of crevasses: old 
transverse ones bowed down-glacier by differential flow, longitudinal 
ones from lateral spread, and fresh lateral breaks adjacent to a nunatak 
60 meters (200 feet) above the level of the lower margin. This crevass- 
ing is illustrated by Plate 84, figure 2. 

That the ice of the central mass of the glacier is likewise in active 
motion is attested by the form of a huge erratic (Pl. 85, fig. 1) deposited 
about 150 meters (500 feet) in front of the present margin. This erratic 
is a fragment of the schist which overlies sheeted granite in this area. 
The erratic has the characteristic flat-iron shape ?° of hard rock pieces 
modeled by prolonged transportation in the bottom ice and used as a 
glacier-graving tool. The shear thrust of the rigid terminal ice up-ended 
the erratic so that it is deposited with its striated and grooved sole 
turned to the sky and its pointed end toward the glacier; the complete 
reverse of its position while in transport. This boulder is at least 
5 meters (15 feet) high. The perfectly striated and soled surface is 
indicative of service as a grinding tool during a long under-ice journey. 

The margin of the ice, further, has fluctuated over a distance of at 
least 150 meters (500 feet) in recent times. Its different stands are 
marked by well-defined morainic loops. 


Glacial erosion of major and minor grooves.—The channels in which 
the outlet tongues project beyond the central carapace correspond to 
the larger grooves in the ice-free uplands. The short lobes of the 
north side occupy wider, less well defined hollows with floors at dis- 
tinctly higher levels. The ice there wraps around emergent nunataks. 
The descent from these ice-filled, upland hollows to the larger grooves 
is characteristically across an intervening declivity, in effect a hang- 
ing valley relationship. Here again is correspondence with the relief 


100. D. von Engeln: Type form of facetted and striated glacial pebbles, Am. Jour. Sci., vol. 19 
(1930) p. 9-16. 
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Figure 1, or Groovep UPLAND 


Looking east from a point near the north margin of the Hardanger Glacier opposite 
Finse, Norway. Note the area of ice-smoothed bed-rock surface on the right and the 
general litter of fragmented rock. 


Figure 2. Bowep TRANSVERSE CREVASSES 
General view of a lobe of the north margin of Hardanger Glacier. 
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FIGuRE 1. ERRATIC OF FLATIRON FORM 
Deposited on inner side of moraine ridge near north margin of Hardanger Glacier. 


Figure 2. Bersy HoLLow, Norruwest oF NAPLES, New York 


View from north slope of Gannett Hill. Grooving across inferred preglacial minor 
col of plateau upland by bottom currents of Pleistocene glaciation. 
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of the upland beyond the glacier. The lip of a minor upland groove 
joins the larger channel in which the railway station, Finse, is situated. 
This small upland groove may be assumed to have been recently cleared 
of ice, as the glacier front is now at only a slightly higher level about 
half a mile back from the declivity. 

From these associations and correspondences it is inferred that the 
grooving, large and small, is the product of glacial erosion. The evi- 
dence appears to invalidate the contention that glaciers groove and 
cut U troughs only where there are V valleys preglacially eroded by 
streams to give the ice-flow concentration and direction. Unques- 
tionably, deep broad U troughs result from the occupation of V stream 
valleys by convergent, confluent ice currents. But the ice can effect 
grooving independently of sharply defined preglacial stream valleys. 
It is indicated that under the circular shield of the Hardanger Glacier 
divergent, diffluent currents of ice, varying in magnitude and rate of 
flow, follow all the diverse irregularities of the preglacially linea- 
mented rock surface in a radial outward movement from its central 
heights. 

Every preglacial depression is, and was, a directing factor for the 
under-ice flow. Minor high level hollows were only smoothed, straight- 
ened, and slightly deepened; larger, more continuous ones were exca- 
vated to become conspicuous grooves. Strictly homologous results 
were produced by the Pleistocene glacier of North America, where 
the ice crossed the Appalachian Plateau of north-central New York. 
Minor cols across secondary divides (Pl. 85, fig. 2) were regularly 
enlarged and shaped to shallow grooves; larger valleys with appro- 
priate orientation were converted to trough forms. The similarity of 
results from glacial erosion in these two sites widely separated in space 
and time, but subject to very nearly corresponding ice action, would 
appear to be strong confirmation of the truth of the interpretation. In 
this connection it should be remembered that during the Pleistocene 
the ice over the present Hardanger Glacier area was considerably 
thicker, so that the site of even a very high level groove could have 
had a deep ice-stream over it. Observers previously unaware of the 
existence and erosive potence of bottom-ice currents are astonished 
when confronted with unmistakable evidence of such action. Thus, 
Bretz, accounting for the Gregory-Mystery cross-valley of East 
Greenland, holds it “surprising” that Mystery Valley was eroded 
by “a distributary flow across Fraenkel Land. The divide incision 


11 J Harlen Bretz in Louise Boyd: The fiord region of East Greenland, Am. Geogr. Soc., Spe. 
Publ. 18 (1935) p. 229, pl. 1 (map). 
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clearly occurred beneath the inland-ice sheet because variations in 
(ice) submerged topography, volume and velocity of ice-flow, and 
underlying rock and structure favored it.” 

However, the divided radial currents from the Hardanger (and pre- 
sumably other) centers of ice dispersion on the Norwegian upland seem 
not to have been effective in carving deep U troughs. Such represent- 
ative glacial valleys appear only at the edge of the upland. On the 
west they mark the descent to the fiorded zone; toward the east 
such U valleys coincide with the major lines of preglacial stream 
drainage. In both places the Ahlmann principle applies: deep pre- 
glacial V valleys collected and concentrated the ice flow enough to 
bring about the excavation of exceedingly deep and wide channels. 
Further, there is a marked contrast in the surficial aspect of the 
deep U troughs, on the one hand, and the shallow upland grooves, on 
the other. The former exhibit sides and floors completely and per- 
fectly smoothed by glacial scour; the latter are unevenly hackled on 
slopes and bottoms and have an almost unbroken cover of coarse, 
angular rock waste. By this difference of surficial conditions there 
are indicated further destructive processes and results of erosion by 
plateau glaciers. 

GLACIER SUPPLEMENTED NIVATION 

Coincidence of snow line and glacier margin.—Plateau glaciers, as 
exemplified by the Hardanger Glacier, have a climatic environment 
similar to that of cirque glaciers, especially in that the margins (with 
the exception of the projecting tongues of the plateau glaciers) in each 
case are at the snow-line elevation. The persistence of a snow 
patch which lingered through the summer of 1934 to the end of 
August, at an altitude approximately 30 meters (100 feet) below the 
glacier margin is indicative of such correspondence. The corre- 
spondence is apparent, further, from the adherence to rock cliffs of 
snow-ice masses contiguous with moving glacier ice as shown in Plate 
86, figure 1. This relationship was observed at several points on the 
north margin of the glacier. The layered snow-ice is quite clearly 
inert and presumably representative of many snow falls. Moreover, 
the ice of the marginal belt of the glacier is not melting freely. This 
is evident from the very slight volume of the outflow stream (PI. 87, 
fig. 1), which is the only considerable drainage from a wide sector of 
the north front.?? At the elevation from which the picture (PI. 87, fig. 1) 

2 Incidentally, this stream was transporting very little sediment, fine or coarse. The outflow 
streams of the Hardanger Glacier do not seem anywhere to have filled, appreciably, the shallow 
rock-basin lakes on the floors of the major ice-eroded grooves. As glacial streams commonly 


aggrade immediately beyond their ice-cave outlets, it is remarkable that such underloaded con- 
dition appears to have prevailed over long periods of the shrinking of the Hardanger ice. 
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Ficgtre 1. INertT SNOW-ICE CLINGING TO RocK WALL, SEPTEMBER. 1934 
North margin Hardanger Glacier. Active glacier lobe descends in area to left of 
picture. Rock wall partly glacially smoothed, partly rough from later nivation 
plucking. 


Figtre 2. REMNANT OF IcE-SMOOTHED BEp-ROCK OUTCROPPING THROUGH MANTLE OF 
FRAGMENTS 
South side of large valley near Finse, Norway. 


GLACIAL NIVATION AND SCOUR 
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FictrRe 1. OUTFLOW STREAM FROM NORTH MARGIN OF HARDANGER GLACIER IN LATE 
AvuGustT, 1984 
Note groove-form of the channel formerly occupied by the ice, also the surface cover 
of rock fragments. 


Figtre 2. FeLSex-MEER LITTER 
Detail around a small rock-basin lake on the floor of the large valley followed by the 
railway at Finse, Norway. 


ASPECTS OF GLACIATED UPLAND 
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was taken the ice of the glacier on September 3 had a glinty dryness, 
as the photograph shows. Lingering snow patches can also be faintly 
discerned on the ice surface at lower levels. Ablation appears to be 
confined to a narrow zone of the marginal ice. 


The cover of waste——The coincidence of snow-line and glacier mar- 
gin is also a charactertistic of cirque glaciers. But the lower terminus 
of a cirque glacier is commonly at the top of a steep declivity, the 
valley head-wall; and a mountain cliff confines the cirque glacier at 
the top. In contrast, the margins of the plateau glaciers do not mark 
any special variety or change of slope; the ice, rather, is modeled to 
the inequalities of the rock relief. Also, where the cirque glacier is 
cupped and oriented by the basin in which it originated, the plateau 
glacier has a radial flow outward from its own culminating height. 
The plateau-glacier ice envelops the topography. By its erosive action 
the glacier softens the asperities of weathered divides and carves val- 
leys and hollows into grooves. 

Remnants of smoothed surfaces on the slopes of such grooves, rela- 
tively far from the present ice border (PI. 86, fig. 2), indicate that 
such glacial scour was effective over the upland area generally. 
Further, there are wide patches of bare, ice-polished bed-rock in the 
zone immediately in front of the active margin of the ice. The pres- 
ence of shallow rock basins on the floors of the grooves and the aimless 
irregular flow of the water drainage (PI. 84, fig. 1; Pl. 87, fig. 1) in them 
are other evidences of modification by ice erosion. It seems a safe 
inference that the rock surface over all the upland was originally 
smoothed by glacial grinding. 

In view of these facts the observer is impressed by the completeness 
of the cover of coarse, angular rock fragments on the upland country 
away from the glacier. This condition is clearly discernible in the 
photographs (PI. 84, fig. 1; Pl. 87, fig. 1). Details of the nature of the 
material are illustrated in Plate 87, figure 2. The general aspect is 
that of a felsen-meer developed on rounded mountain summits by 
frost-riving. Frost-riving would appear to apply to this site also. 
However, the deeper U channels leading down from the uplands have 
continuous, perfectly preserved, completely ice-smoothed slopes and 
floors. As these U valleys must have been exposed to weathering 
much longer than the upland surface close to the present glacier front, 
and as they are not low enough to escape the frost-riving, it is diffi- 
cult to see why frost-riving should have so completely demolished the 
ice-smoothed surfaces of the upland rock. 
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There are morainic ridges in close association with the present ice 
front, and some other moundings of mingled coarse and fine material, 
presumably morainic. However, the evidence indicates that every- 
where on the upland the finishing, under-ice effect of the glacier on 
the rock was a smoothing by scour. Ordinary morainic cover might 
hide such a surface but should not cause, or be itself evolved of, the 
destruction of such surface. Hence, a distinctive process seems 
required to bring this destruction about. 


Nivation process.—As pointed out above, the altitude of the glacier’s 
margin and of the snow-line are approximately coincident on the north 
side of the Hardanger Glacier. In his geophysical classification of 
glaciers, Ahlmann ** concludes that the temperature of the ice of the 
Hardanger Glacier is at the melting point, throughout, in summer, and 
that 3 meters or so (10 feet) below the surface the winter temperature 
of the ice is also at the freezing point. He also lists’* the June- 
September mean temperature of the Hardanger area at 3° Centigrade 
at the altitude of 1,600 meters (5,250 feet). Because of these condi- 
tions of ice and air temperatures a very delicate balance between 
melting and thawing exists along the glacier margin. Hence, the rocks 
along the border of the ice are probably subjected to oft recurrent, 
frost-splitting disintegration. On a glacially smoothed rock surface 
this process would tend to loosen and heave blocks separated by joint 
fissures. But of itself the frost-riving would appear incapable of 
producing the felsen-meer which extends up to the immediate margin 
of the glacier. 

Accordingly, it is conceived that the frost-splitting is supplemented 
in its disintegrating effects by glacier action that seems peculiarly 
effective at a plateau glacier margin. 

Aside from secular oscillations of the position of the front of the ice, 
indicated by the morainic bands alluded to above, there are here, as 
with valley glaciers generally, annual shifts of the margin with the 
seasons. In consequence of such advances and retreats a belt of rock 
that had been exposed and frost-riven is later again ice-covered. Such 
advance of the ice proves to be a quarrying engine of great potency. 

The cohesive—i. e., tensile—strength of ice is roughly 7.5 kg/cm? 
(7 tons to the square foot)."* Its strength of adhesion to rock is of 
the same magnitude.’® With air temperatures hovering around the 


13H. W. son Ahlmann: The Swedish Norwegian Arctic Expedition 1981, Part VIII Glaciology, 
Geog. Ann., vol. 15 (1933) p. 212. 

14 Op. cit., p. 331. 

15H. Hess: Die Gletscher, Braunschweig (1904) p. 23. 

16 Erik Ljunger: Die Morphologie der Schwedischen Skagerrak-Kuste, Univ. Upsala, Geol. Inst. 
Bull., vol. 21 (1930) p. 292. 
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freezing point and the glacier ice under pressure-contact with the rock 
floor at the pressure-temperature equilibrium it is clear that relaxa- 
tion of the pressure load through the tensional stress induced by a 
forward thrust will immediately bring about firming of the ice and, 
through completion of incipient freezing, establish complete adhesion 
to the rock. A pulling force of the magnitude indicated would pluck 
many of the frost-loosened blocks from the basement. Then the ice 
would transport the material a few feet and deposit it as angular 
debris, marginally accumulated moraine. Such deposition was actually 
in progress at a number of points along the north margin of the glacier 
in August-September 1934. 

On steeper slopes the same general process takes on a bergschrund 
aspect. As is clearly evident in the photograph (PI. 86, fig. 1), a 
vertical wall of inert snow-ice, clinging to the rock of the lee side 
of a nunatak, is separated from the moving glacier by well-marked 
crevasses. At the bottoms of such crevasses, just as in the bergschrunds 
at the heads of cirques, plucking action will be pronounced. Behind 
the snow-ice wall, frost-riving prepares the rock for removal. Thus, 
the sides as well as the floors of the previously ice-smoothed glacier 
grooves are regularly disrupted as the ice border retreats. It is to be 
remembered that these processes and effects are due to the coincidence 
of the snow-line and the glacial margin. No such result occurs at the 
terminus, far below the snow-line, of a valley glacier. 


WANING OF THE GLACIER 

At the close of the Pleistocene the reduced volume of ice at the 
Hardanger dispersion center did not suffice to maintain large valley 
dependencies leading down into the fiords. Then plateau glaciation 
was initiated. There succeeded a long period of continuous shrinking 
of the ice-border across the upland. During this retreat the front of 
the glacier does not seem to have been established at any one position 
long enough to permit the building up of conspicuous morainic ridges. 
The margin shifted forward and backward seasonally over narrow 
zones, as outlined above; also it advanced and retreated in response 
to short cycle fluctuations in temperature and precipitation, but the 
net result seems to have been a progressive decline in the volume of 
the glaciation. 

As such waning of the ice was staged on the upland surface it may 
be assumed that the coincidence in altitude of the snow-line and the 
glacier margin was continuously in effect while the ice was declining 
in size. It may therefore be inferred, also, that as rapidly as the 
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upland was freed of its sprawling glacier cover the bared rock-surface 
was subjected at every stage of the retreat to the glacier-supplemented 
nivation process which produced the felsen-meer litter. During each 
of the several advances and retreats of the Pleistocene glaciations the 
grinding and grooving, described above, and this glacially supplemented 
nivation were operative, and may be presumed to have wrought a 
reduction in the general level of the upland surrounding the Hardanger 
Glacier site. Its pedestaled position will, hence, have resulted from 
the glacier site being a dispersion center where such denuding processes 
were quantitatively less effective than over the areas peripheral to it. 


SUMMARY 


Plateau glaciers have distinctive characteristics. The Hardanger 
Glacier is a representative example of the class. It rests on an 
uplifted, preglacially developed erosion surface having a lineamented, 
rather than a peneplaned, topographic expression. During the upbuild- 
ing of the first Pleistocene glaciation the Hardanger site was, over a 
long period, presumably an important independent dispersion center. 
Confluent ice currents from the Hardanger and other centers of upland 
glaciation, descending the declivities of the plateau border, carved 
both the fiords of the west slope and the trunk, U-shaped valleys of 
the east slope by glacial erosion of preglacial, fluvial, V valleys. 

Under these conditions and during the existence of the great ice caps 
the basal currents of the ice motion were divergent and diffluent in 
their courses on the upland. Consequently, there could be no deep 
U-valley erosion across the plateau levels. Instead, the preglacially 
lineamented surface was everywhere subjected to shallow grooving and 
divide rounding. Such grooving is now the dominating geomorphic 
aspect of the upland. 

Pari passu with the radial shrinking of the ice margin, the ice- 
smoothed rock surfaces of the upland were destroyed by frost-riving, 
and this process was there facilitated by a peculiarly effective, marginal, 
plucking erosion wrought by the fluctuating fronts of the plateau 
glaciers. The product of such glacier-supplemented nivation is a 
felsen-meer litter of angular, coarse rock fragments that mantles all 
of the upland surface. 
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INTRODUCTION 


THE PROBLEM: REVIEW OF EARLIER WORK 


The physiography of the arid lands of the Great Basin and of the 
open basins south of it, stretching across Arizona into Sonora, Mexico, 
early attracted attention. The casual observer gains an impression of 
scattered mountain ranges buried beneath the products of their own 
disintegration which, in the form of great alluvial fans and aprons, 
seem to slope away in all directions toward the playa flats of the inter- 
mont basins. 

To some of the early explorers it came as a great surprise to discover 
that in many instances what appeared to be alluvial fans and slopes 
were, in reality, rock surfaces only thinly veneered with waste, or even 
quite bare. These had the shapes of alluvial fans or aprons, but were 
floored by rock. 

Gilbert * was one of the first to describe such features, which are well 


* Manuscript received by the Secretary of the Society, February 1, 1934. 
1G. K. Gilbert: Geology of the Henry Mountains, U. S. Geol. Surv. (1880) p. 120-126. 


(999) 


. 


1000 J. L. RICH—ORIGIN AND EVOLUTION OF ROCK FANS AND PEDIMENTS 


developed around the base of the Henry Mountains. He called them 
“slopes of planation” and ascribed them to lateral planation by streams 
issuing from the mountains too heavily loaded to cut deep channels 
such as might be expected across the belts of weak rocks at the moun- 
tain base. He shows how the “slopes of planation” merge into ordinary 
river terraces where they cross the more resistant rocks. He also men- 
tions, without extensive discussion, high-level abandoned remnants of 
former slopes of planation. 

In 1897, McGee? described the extensive sloping rock plains of 
southern Arizona and northern Mexico and explained them as products 
of the erosive action of “sheetfloods,” which are common phenomena 
of the region when the occasional heavy rains occur. 

In a sheetflood, as described by McGee, the water spreads out over 
the sloping surface as a sheet, from a few inches to 2 or 3 feet deep and 
perhaps several miles in width. This sheet rushes down the slope, pick- 
ing up so much loose debris that it becomes and remains fully loaded 
and hence cannot cut deeply enough to concentrate its energy, though 
here and there, where the water becomes locally concentrated, gullies 
are cut beneath its surface, only to be quickly filled again by debris 
from farther up the slope. 

Sheetfloods form where canyons from the mountains debouch upon 
the sloping plains at their foot, or they may even form entirely on the 
plains if the rainfall is exceptionally heavy and is confined to them. 
The water soon sinks into the ground, and the total net effect where the 
waste mantle is thick may be merely the shifting of the upper part of 
the sheet of debris a little farther down the slope. Where the mantle is 
thinner, local scouring here and there reaches down to the bedrock, and 
where the mantle is still thinner all of the debris may be picked up 
during a heavy rain and used as an effective tool for the corrasion of the 
bedrock beneath. 

Paige,’ in 1912, described sloping rock floors partly buried under a 
thin veneer of alluvium and rising toward a lava escarpment in the 
northern part of the Silver City quadrangle, New Mexico. He showed 
that they had been fashioned under the vontrol of a rising base level 
due to alluviation of the valley of the master stream, and he ascribed 
their smoothness partly to interstream degradation, and partly to lateral 
planation by the streams which crossed them. He suggested that what 
he considered the abnormal steepness of the mountain front was caused 


2J W McGee: Sheetflood erosion, Geol. Soc. Am., Bull., vol. 8 (1897) p. 87-112. 
Sidney Paige: Hock-cut surfaces in the desert rangvs, Jour. Geol., vol. 20 (1912) p. 442-450. 
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by streams emerging from the mountains being shifted from time to time 
to the sides of their fans so as to undercut the mountain front. 

Lawson‘ in 1915 published a comprehensive study of the problem, 
in which he ascribed the retreat of the mountain fronts to weathering, 
and the sloping rock bench beneath the alluvium to control of the 
wasting process by a constantly rising base level determined by the 
encroaching alluvium. He deduced an upwardly convex profile for this 
“suballuvial bench” and showed that, when the mountains had been 
wasted to small dimensions, the profile of the suballuvial bench might 
emerge at the surface and a sub-aerial rock bench be formed. To such 
emergence and to stripping of the suballuvial bench where later uplift 
had occurred, he ascribed the sloping rock surfaces which surround many 
of the desert mountain ranges. 

Bryan,’ in 1922 and 1925, published reports on the Papago country, 
in which he gave the fullest descriptions yet written of these rock- 
floored plains, and gave an analysis of their evolution which, in its 
essentials, agrees closely with that made by Lawton. He gave to them 
the name “rock pediments” (earlier suggested by McGee) which has 
been adopted by later writers. 

In 1930, Davis,* under the title “Rock floors in arid and humid 
climates,” adopting essentially the explanation of the desert pediments 
put forward by Lawson and Bryan, called attention to similarities in 
kind, though not in proportions, between them and the forms developed 
in humid climates. 

Blackwelder,’ in 1929 and in 1931, pointed out significant differences 
in form between pediments and alluvial fans, or bajadas. He showed 
that the fans have a notably convex transverse profile, “whereas the 
pediment has a nearly level profile parallel to the range front. 

The gradients of bajadas average somewhat steeper than those of the 
pediments.” He says: “Pediments and bajadas (fans) are both made 
by torrential streams from the mountain canyons,” and again, “Pedi- 
ments are graded plains due, in the writer’s opinion, to the active side- 
wise cutting of desert torrents.” Lateral cutting is reported to be rapid 


4A. C, Lawson: The epigene profiles of the desert, Calif. Univ., Dept. Geol., Bull. 9 (1915) p. 
23-48. 
5 Kirk Bryan: Erosion and sedimentation in the Papago country, Arizona, with a sketch of the 
geology, U. S. Geol. Surv., Bull. 730 (1922) p. 19-90; The Papago country, Arizona; a geographic, 
geologic, and hydrologic reconnaissance with a guide to desert watering places, U. S. Geol. Surv., 
Water Supply Paper 499 (1925). 

6 W. M. Davis: Rock floors in arid and humid climates, Jour. Geol., vol. 38 (1930) p. 1-27, 136-158. 

TEliot Blackwelder: Origin of the piedmont plains of the Great Basin, [Abstract] Geol. Soc. 
Am., Bull., vol. 40 (1929) p. 168-169; Desert plains, Jour. Geol., vol. 39 (1931) p. 133-140. 


i. 


1002 J. L. RICH—ORIGIN AND EVOLUTION OF ROCK FANS AND PEDIMENTS 


because the rock generally has already been disintegrated by the 
weather so that it is easily swept away. 

More recently, Johnson,’ in a series of papers devoted to the problem 
of pediments, has urged the idea that both the ordinary pediments and 
the fan-shaped forms, which he called rock fans, are products of the 
lateral shifting of streams too heavily loaded to cut down effectively. 
He goes so far as to attribute retreat of the mountain fronts to under- 
cutting by streams thrown against them from time to time as they shift 
from one side to another of their fans. Johnson rejects the theories of 
Lawson and Bryan that the mountain fronts retreat by weathering, 
because, as he analyzes the problem, a mountain front could not retreat 
far before the ever-steepening upwardly concave profile of the lengthen- 
ing pediment would coincide with the normal rock profile of the moun- 
tain front. Johnson rightly concludes that a mountain front having a 
given profile cannot retreat without constant re-grading of the pediment 
at its foot, but he fails to consider the possibility that progressive re- 
grading of a pediment profile can be accomplished by agencies other 
than streams. 

In a recent paper, Davis ® calls attention to the prevailing convexity 
of the summits where pediments from opposite sides of mountain ranges 
meet at the top, and discusses the mechanism by which such convexity 
is produced. He suggests that in the later stages of the wasting of a 
mountain mass, when the area of the mountain fronts has been greatly 
reduced, the sheetfloods in the summit area are underloaded and hence 
are able to erode that area to a gradient less than that of the pediment 
lower down the slope. 

THESIS 


In this paper the problem of the origin and evolution of rock fans 
and pediments is approached from the point of view that unconcen- 
trated wash, or “sheetwash,” as contrasted with definite streams, plays 
a leading part in erosion; that where rock waste is plentiful a surface 
cannot be lowered below a gradient sufficient to permit the transporta- 
tion of that waste; that where waste is supplied to an area from outside 
that area, though it may be only a thin veneer, if it is constantly renewed 
it serves as an effective blanket to protect the underlying rocks from 
erosion below a gradient sufficient to permit the transportation of the 


8 Douglas W. Johnson: Planes of lateral corrasion, Science, n. s., vol. 73 (1931) p. 174-177; Roch 
fans of arid regions, Am. Jour. Sci., 4th ser., vol. 23 (1932) p. 389-416; Rock plains of arid regions, 
Geog. Rev., vol. 22 (1932) p. 656-665. 

® W. M. Davis: Granitic domes of the Mohave desert, California, San Diego Soc. Nat. Hist., Tr., 
vol. 7 (1933) p. 211-258. 
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debris across it; and that, other things being equal, the necessary 
gradient depends upon the size of the particles to be transported. 

Another principle upon which the following discussion is based is 
that any land surface—whether the rock of mountain or plain or the 
gravel of an abandoned alluvial fan or bench—tends to waste away as 
fast as its components can be disintegrated by weathering and the dis- 
integrated materials removed by sheetwash. No corrasion by streams 
is necessary. Where sheetwash (rather than wind erosion) is effective, 
though weathering may extend deeper, the land surface cannot be 
lowered below a gradient sufficient for the removal of the waste material 
by running water. 

Application of these principles leads to the conclusion that fan-like 
forms may be maintained by running water without having been carved 
by it and that lateral planation by streams is not necessary for the pro- 
duction of rock fans and pediments, though in many instances it con- 
tributes notably toward their formation. Both rock fans and pediments 
are remnants, left behind as an escarpment or mountain front retreats, 
and protected from wastage by a veneer of gravel in transit which must 
be moved across them on gradients controlled by the laws governing 
the transportation of debris by running water—hence the fan-like forms. 


DEFINITION OF TERMS 


In order that misunderstanding may be avoided as to the meaning 
of words and in order to lay a groundwork for what follows, some of 
the terms used in the following discussion are here defined. 

Weathering is the softening and disintegration of rocks by chemical 
action, by solution of component minerals, or by physical agencies such 
as frost and insolation. 

Corrasion is the mechanical scouring and wearing away of rocks by 
running water, wind, or other mechanical agencies. 

Wasting is a general term used to designate the lowering of a land 
surface by agencies other than stream corrasion. It begins with the 
disintegration of the rock, and includes the removal of the disintegrated 
material by whatever processes may be active, whether wind, gravity, 
rainwash, rills, or streams. Wasting tends to lower the whole surface, 
but it is very sensitive to rock resistance, and lowering is limited by the 
necessity for the removal of the resulting debris. 

Sheetwash is here used for the erosive and transporting activity of 
water not concentrated into definite streams. It includes rainwash and 
the work of the smaller, shifting rills whose concentration is not cumu- 
lative, but it does not include the larger braided channels of desert 
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streams. The main function of sheetwash is the transportation of debris 
provided for it by weathering. Sheetwash dominates wherever the water, 
in flowing over the surface, is unable to concentrate itself into effective 
streams. In moist lands the vegetation cover may be the factor which 
prevents concentration; in arid lands the decisive factor is generally the 
availability of debris for transportation up to the full capacity of the 
water. Sheetwash, rather than stream erosion, is a dominant process in 
arid lands wherever the rock disintegrates to small particles, because 
such material quickly loads any gathering stream and prevents the con- 
centration of its water. Whenever heavy rains occur in the arid lands, 
sheetwash is active. Often, during a heavy rain, the whole surface can 
be seen to be vibrant with debris particles in motion in a thin sheet of 
water. 

The slope of a surface being acted upon by sheetwash becomes nicely 
graded, and the angle of slope depends on the size of the material avail- 
able, being steeper for the coarser material. 

Sheetflood, as described by McGee, is an exaggerated form of sheet- 
wash and can occur only where the rain has been exceptionally heavy, 
or where flood waters from a mountain canyon spread over the sloping 


plain below. 


ANALYSIS OF FORMS PRODUCED UNDER SIMPLE TYPE CONDITIONS 


The following analysis of the application of the thesis of this paper 
to three simple type conditions is offered as an aid to the understanding 
of their application to the problem of rock fans and pediments. 


1. WEAK ROCK MASS ADJACENT TO RESISTANT ROCK MASS 


Let us assume a plain (C-D, Fig. 1) beveling across a mass of re- 
sistant rock, at the left, and of weak rock yielding fine-grained debris, 
at the right, and let the diagram represent horizontal distance of about 
15 miles, the vertical scale being greatly exaggerated. Let a master 
stream near the right-hand side of the weak-rock area flow in a direc- 
tion at right angles to the section. Let the climate be semi-arid. 

If, for the moment, we assume that the resistant rock remains totally 
unaffected by erosion and yields no debris, the equivalent of a sudden 
uplift or rejuvenation of the land would cause the dissection of the weak 
rock into a mature topography of considerable relief, which, after uplift 
ceased, would gradually waste away to a peneplain. If, however, the 
uplift were slow, the weak-rock area would be lowered by a combina- 
tion of streams, rills, and sheetwash so as always to maintain itself as 
an undulating plain sloping gently toward the master stream. In profile 
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the relations would be as in A-X, Figure 1. The plain would abut 
sharply against the base of the resistant mass at A. 

Now suppose that, with slow uplift as before, we allow debris to be 
shed from the resistant rock mass (hereafter called the mountains) as 
it is exposed by the lowering of the adjacent weak-rock mass (hereafter 
called the basin), but let us assume that no stream valleys emerge from 
the mountains, so that the debris is shed uniformly all along the moun- 
tain front. As the weak-rock mass is lowered, debris will fall and be 


x 
Fresistant rock , 


Ficure 1.—Evolution of topography on weak rocks adjacent to resistant rocks 


washed down from the exposed surface of the resistant rock. Some will 
fall by gravity and roll out over the weak rock, and some of the smaller 
fragments will be washed down by torrential rains. Just as soon as this 
process begins, the resistant debris will begin to act as a blanket to pro- 
tect the weak rock beneath from wasting. While the area close to the 
resistant rock is thus protected, wasting will be going on over all other 
parts of the basin, and its surface will be lowered. Thus, there will be 
formed along the margin of the resistant rock mass a debris-blanketed 
area whose lowering will lag behind that of the rest of the basin (profile 
B-Y, Fig. 1). This area will assume the form of an alluvial apron be- 
cause, except close to the mountain base where it may locally take the 
form of talus, the debris will have been shifted down the slope by run- 
ning water under control of the laws governing transportation by water. 
The length of the rock-floored debris slope will depend on a balance 
between the quantity of debris supplied and the rate at which it dis- 
integrates. If the quantity is large or disintegration is slow, the re- 
sistant debris will work its way farther out from the mountain, and the 
debris-mantled slope will be longer than otherwise. 

The debris blanket required to protect such a slope need not be thick 
or even continuous. Ordinarily it would be very thin. All that is 
needed is enough loose material available to satisfy quickly the capacity 
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of any concentration of water that starts to form and thus to prevent 
its cutting down—in other words, enough of the coarser material to con- 
trol the gradient of the slope and to keep the water in the form of sheet- 
wash rather than of definite streams. 

Because of the more rapid lowering of the unprotected parts of the 
basin, the debris mantle bordering the mountain mass must continually 
be in process of re-grading. Ordinarily, re-grading would be accom- 
plished by infinitesimal stages so that no change from the regimen of 
sheetwash would be required, and corrasion by laterally shifting streams, 
as distinguished from sheetwash, need play no part in the process. 

It should be pointed out, however, that any uneven distribution of 
debris, such as might result from the development of incipient valleys 
on the mountain front, might lead to drainage diversions of a type to 
be described later and to the development of fan-like forms, as described 
in the following section. 

Thus, for all stages of the lowering of the basin, there would be a 
debris-veneered slope at the foot of the mountains, having the form of 
an alluvial apron or a series of fans joining at their sides, but actually 
being composed of bedrock except for an alluvial veneer. 


2. RETREATING ESCARPMENT 


Let us assume an escarpment capped by a resistant rock overlying 
weak rock of uniform composition yielding fine-grained debris. Let 
the climate be arid or semi-arid (Fig. 2). 

Such an escarpment, where not breached by streams, would retreat 
uniformly, maintaining a constant angle, and the weak-rock plain at 
its foot would slope away from it at a low angle just sufficient for the 
transportation by sheetwash, or by small streams, of its own debris and 
that supplied by the retreating scarp. 

The reason for the maintenance of a uniform slope by the retreating 
scarp is that the angle of slope is determined by the coarse debris 
yielded by the resistant cap-rock of the scarp. If this debris were not 
constantly supplied from above, the weak rock at the foot would waste 
away, and the slope would steepen until undermining led to falls of 
cap-rock from above, which would blanket the weak rock below, so that 
undermining would cease until the debris mantle had disintegrated. 

Now suppose that at some point along the escarpment a gully should 
start. Its presence would immediately result in the concentration of 
an excess of coarse, resistant debris at the foot of the escarpment op- 
posite the mouth of the gully. From the first, this debris would protect 
the weak rock below it from wasting. The protection would be con- 
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tinuous because new supplies of resistant debris would constantly be 
washed down from above. The debris blanket would grow and spread. 
Meanwhile, the weak rock composing the face of the escarpment would 
be wasting away and the escarpment retreating everywhere except 
where it was protected by the blanket of resistant debris washed down 


Ficure 2.—Retreating escarpment and beginning of rock fan 


from the gully. The debris-mantled portion of the escarpment would 
lag behind in its retreat and would thus tend to stand higher and to 
protrude farther forward than its surroundings on either side, so that 
water from the gully would tend, occasionally, to become diverted to 
the side and would thus, at intervals, transfer its load to one side or 
another, thus developing a fan-like form which would not be a true 
alluvial fan but, rather, a fan-shaped rock pediment, or rock fan, thinly 
veneered with debris, whose constant renewal from above would pre- 
vent the feature from wasting away. The fan form would be preserved 
by the ever-present supply of waste ready to be washed into any de- 
pression that might otherwise develop below the gradient of the fan. 

It will be clear from the above that the fan stream would not un- 
commonly be found occupying, temporarily, a depression between the 
rock fan and the escarpment front, but this would not indicate that the 
stream in such position plays the important part in causing the retreat 
of the escarpment front that has been assigned to it by Johnson. 
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The re-grading of the profile of the fan as the escarpment retreats 
might, in some instances, be accomplished by stream planation in the 
manner postulated by Johnson,’° but more commonly the readjust- 
ment seems to be accomplished by the stream abandoning its fan, being 
diverted into one of the low areas on either side made available by 
the retreat of the escarpment. The stream then trenches the head of 
the old fan and commences the formation of another in the same man- 
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Figure 3.—Evolution of topography where a stream flows from resistant rocks across weak rocks 
Features exaggerated for emphasis. 

ner as before. Meanwhile, the abandoned rock fan stands as a gravel- 

veneered terrace or bench, protected from wasting for a time by its 

veneer of relatively resistant debris. Continued retreat of the escarp- 

ment leaves the bench isolated and separated from the scarp by a 

bed-rock lowland. 


3. STREAM EMERGING FROM RESISTANT ROCK MASS ONTO WEAK ROCK MASS 


Let conditions be as in example 1 above, except that a stream rising 
on the mountain mass flows across the basin (Fig. 3). 

Assuming the evolution to start with both resistant and weak rocks 
completely beveled, the first effect of an uplift would be to permit the 
stream to entrench itself across the weak rocks of the basin. If, for 
the moment, we assume that the mountain area cannot be eroded and 
yields no debris, the stream would cascade over the mountain front and 
then flow across the basin with a low gradient suitable for the trans- 


10 Douglas W. Johnson: Rock fans of arid regions, Am. Jour. Sci., 4th ser., vol. 23 (1932) p. 
389-416. 
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portation of the fine-grained debris furnished by the rocks of the basin. 

Actually, however, the stream would immediately begin to cut into 
the mountain mass and thereby acquire a load of relatively coarse, 
resistant debris, which must be carried across the basin or worn down 
in transit. The stream, in its course across the basin, could not cut 
lower than a gradient sufficient for the transportation of the coarse 
debris from the mountains. 

The result of the combination of factors and events outlined above 
would be that at first the stream would cut a shallow trench across the 
basin, but deepening of this trench would soon be retarded because the 
stream must maintain sufficient gradient across the basin for the trans- 
portation of the coarse and resistant debris derived from the mountains. 

While the stream was swinging from side to side and gradually lower- 
ing its course across the basin in harmony with its relatively slow down- 
cutting in the mountains, general wasting by weathering, sheetwash, 
rills, and streams would be going on in all parts of the basin not affected 
and blanketed by debris from the mountains. This wasting would be 
relatively rapid because of the weakness of the rocks of the basin. In 
the course of time streams like A and B of Figure 3, leading directly to 
the longitudinal master stream in the basin, would lower their beds 
below that of the mountain-born stream (even though the volume of 
the latter would ordinarily be greater) because the fine-grained waste 
derived from the basin rocks could be transported on a lower gradient 
than that necessary for the transportation of the debris brought down 
from the mountains. Points like C and D would finally become lower 
than the bed of the mountain-born stream adjacent to them. Mean- 
while, an area like E of Figure 3, immediately bordering the mountain 
stream and draining into it, would remain high because it could not 
waste below the grade-plane of that stream. Eventually, sapping from 
the low area, C or D would work back to the stream from the moun- 
tains, capturing and diverting it to a new course, as into the lowland 
at C and thence to the master stream. Such a diversion would be 
permanent. The stream would follow the new course across the basin, 
and its old course would be left as a sloping, gravel-veneered rock 
bench. 

During further evolution, the stream in its new course would aggrade 
for a time until the low area (C of Fig. 3) into which it had been 
diverted had been raised to a gradient sufficient for the transportation 
of its debris load, after which it would resume its work of transporta- 
tion and slow downcutting accompanied by more or less lateral plana- 
tion. Its work in this course might be interrupted by a second diver- 
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sion, this time into the lowland on the opposite side of the stream’s 
original course (D of Fig. 3). 

Meanwhile, the first abandoned bench, standing well above the gen- 
eral level of the basin, would become a prey to active dissection. Its 
veneer of gravel would protect it for a time, but eventually this would 
be breached and the weak rock below would be exposed. Wasting 
would then proceed rapidly until, finally, portions of the site of the 


Ficure 4.—Development of rock fan 


Evolution of topography of a weak-rock area in front of a mountain canyon under conditions of 
great aridity. 


former bench might become lower than the stream in its new course 
from the mountains, retarded as it would be in its downcutting by its 
incessant task of moving the gravel supplied by the mountainous part 
of its course. Conditions would then be ripe for another diversion 
of the stream. If slow degradation were to continue, the process 
might be repeated several times. 

The greater the difference in rate of wasting between mountains 
and basin, the more frequent would be the shiftings of the stream where 
it emerges from the mountains, and the more conspicuous the series 
of alluvium-veneered benches that would be developed. 

Figure 3 and the foregoing discussion refer to a case where the climate 
is not truly arid and where the stream from the mountains is not forced 
to drop its entire load close to the mountain base, as it would be if the 
water were all to evaporate or sink into the ground within a relatively 
short distance. In the latter case, as illustrated in Figure 4, the evolu- 
tion would be different in detail, and large rock fans, rather than linear 
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benches abandoned as the result of stream diversions, would be the 
rule. 

If the climate were extremely arid, so that even flood water did not — 
cross the weak-rock area, lowering of the surface would necessarily 
be accomplished only by deflation of the finely weathered and com- 
minuted waste. A rock fan would develop because of wind removal 
of the weak rock everywhere except where it was protected by debris 
from the mountain stream, and would continue to enlarge until 
weathering of the debris over the surface of the fan just balanced the 
supply of waste from the mountains. The form would then become 
stable and would gradually be let down to lower and lower levels as 
weathering and deflation progressed. The rock fan would become 
smaller as the mountains were worn lower and supplied smaller quan- 
tities of waste. 

Whether or not there would be definite stream diversions and trench- 
ing of the fan, such as is suggested in Figure 4, would probably depend 
on the individual circumstances. The necessity of dropping all of its 
load would compel constant shifting of the stream, but if, in the acci- 
dents of shifting, one side of the fan should remain unoccupied for 
more than the average length of time, the weak-rock area adjoining 
that side might be so lowered by wasting in the meantime as to permit 
the stream to trench its fan when again it swung to that side. 

A rock fan formed under the conditions outlined above is maintained 
by a delicate balance between wasting and deposition. Weathering 
and deflation tend constantly to lower the surface, but deposition, under 
the laws governing transportation by running water, maintains the fan 
form, filling any depressions that might otherwise develop below the 
fan gradient. The alluvial veneer is always thin or locally absent, and, 
as the fan is lowered, the rock beneath is weathered and removed by 
deflation and sheetwash wherever it is exposed, and is cut away by 
lateral planation here and there as the temporary streams shift about 
over the fan. 

Between conditions that produce such arid-climate rock fans and 
the semi-arid conditions that favor stream diversions and the resulting 
abandoned alluvial benches, there must be all gradations, with corre- 
sponding gradations in the forms produced. 


APPLICATION TO A RETREATING ESCARPMENT 


Physiographic features such as those deduced in the foregoing 
analyses may be looked for along any retreating escarpment in arid 
or semi-arid lands and along any mountain front where resistant rocks 
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are brought by sharp upfolding or faulting into contact with consider- 
able areas of weak rock, as, for example, along the base of the Front 
Range in Colorado or the Bighorn or Beartooth ranges of Wyoming 
and Montana. In the case of weak-rock plains at the base of resistant- 
rock mountains the evolution must be somewhat different than for re- 
treating escarpments because, in the former case, the mountain front 
does not retreat so much. 


Book Cliffs 
= 


Figure 5.—Diagrammatic geologic profile sketch of Book Cliffs, Utah 


For a study of the application of the above deductions to a retreat- 
ing escarpment it would be difficult to find a better place than the Book 
Cliffs of Utah and Colorado. 

The Book Cliffs are an imposing escarpment, stretching for more 
than 150 miles from the vicinity of Grand Junction, Colorado, to 
Castle Gate, Utah, and constituting an outward-facing escarpment on 
the southern rim of the Uinta basin. The cliffs and the marvellously 
developed terraces at their foot are clearly visible from the Denver 
and Rio Grande Western Railway, which follows them for their whole 
length a few miles from their base. Their western end is covered by 
recent and carefully made topographic maps (Castlegate, Wellington, 
and Sunnyside quadrangles, Utah), and the geology has been mapped 
in detail by Clark.* Topographic maps also cover the continuation 
of the cliffs southward along the eastern base of the Wasatch plateau. 
The geology of this area has been mapped by Spieker.’? 

Referring to the Wellington quadrangle as a type, the generalized 
geological relations are indicated by the accompanying cross-section, 
Figure 5. At the top, and responsible for the escarpment, are massive 
sandstones of the Mesa Verde formation (Cretaceous). Below the 
sandstones, and forming the lower slopes of the escarpment and the 
gently sloping plain at its base, lies the Mancos shale (also Cretaceous) , 
uniformly weak and homogeneous and dipping at a low angle (about 
four degrees) toward the escarpment in a direction opposite to that 
of the slope of the land surface. The gently sloping plain on the Man- 
* 2 Frank R. Clark: Economic geology of the Castlegate, Wellington, and Sunnyside quadrangles, 


Carbon County, Utah, U. 8. Geol. Surv., Bull. 793 (1928). 
12 Edmund M. Spieker: The Wasatch Plateau coal field, Utah, U. 8. Geol. Surv., Bull. 819 (1931). 
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cos shale leads down to Price River, which flows approximately parallel 
to the escarpment and about 10 to 15 miles from it. 

On the basis of the principles developed in the preceding analyses, 
we should expect to find rock fans well developed along the base of 
the escarpment, and we should expect to find the larger streams emerg- 
ing from the rugged valleys back of the escarpment front to be heavily 
loaded with coarse, resistant debris requiring a gradient for its trans- 
portation across the Mancos shale lowland greater than that required 
by streams receiving mainly the fine-grained debris derived from the 
shale. We might, therefore, expect to find instances of stream diver- 
sions or near-diversions resulting from such differences in gradient. 

The Book Cliffs deserve detailed study with such features in mind. 
Meanwhile, some of the features under discussion which are most con- 
spicuously shown on the maps may be pointed out. 

The Castlegate, Wellington, and Sunnyside quadrangles display a 
remarkable array of sloping plains or benches and remnants of benches 
at several levels above present drainage, and in all stages of dissection. 
Many of them are detached from the base of the escarpment. On the 
other hand, in many places fan-like plains and aprons extend up to 
the base of the main escarpment and seem to be still in the process 
of formation. 

As has been shown by Glock ** for another part of the Book Cliffs, 
and as is clearly shown on Clark’s map, the benches are rock with only 
a thin veneer of alluvium, or rather, gravel, which delays their destruc- 
tion. All gradations can be found, from high, detached remnants stand- 
ing out from the cliffs (A of Fig. 6) to fan and apron forms which sweep 
smoothly up to and lap up onto the base of the escarpments as if they 
were still in the process of formation (B of Fig. 6). 

By analogy with the benches where the underlying rock is exposed 
and by inference from the preceding analyses, the undissected fan or 
apron forms may also be assumed with confidence to be underlain at 
shallow depth by bedrock whose surface has essentially the form of 
fans or aprons. 

All the high level benches were originally rock fans like those now 
forming. The reasons for their abandonment and trenching seem to 
have been several. Glock and Spieker think they can distinguish three 
sets of benches. Trenching may be due in part to climatic changes 
and in part, as suggested by Glock, to re-grading necessitated by the 
retreat of the escarpment. It may also be due in part to stream diver- 
sions of the type deduced in the foregoing analyses. 


18 Waldo S. Glock: Premonitory planations in western Colorado, Pan. Am. Gccl., vol. 57 (1932) 
p. 29-37. 
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Ficure 6.—Part of Wellington quadrangle, Utah 


Showing characteristic features of retreating escarpment, rock fans, manner of wasting of fans and stream diversion. 
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Showing characteristic features of retreating escarpment, rock fans, manner of wasting of fans and stream diversion. 
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As bearing out the latter interpretation of some of the changes, at- 
tention is called to a case of capture recently completed by Fish Creek 
(Fig. 6, D) where drainage from the escarpment, which evidently 
flowed originally into Dugout Creek through Sections 28 and 33, has 
been captured by sapping at the headwaters of a small stream (the pre- 
capture Fish Creek) which evidently was working on the weak shale 
and received little or no contribution of coarse debris from the cliffs 
and consequently was able to cut its bed to a much lower gradient than 
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Figure 7.—Profile of Fish Creek and a western tributary of Dugout Creek 


Showing lower gradient of capturing stream not burdened by resistant rock waste. Profiles 
extend from the 5750- to the 6750-foot contours; matched at 6750-foot contour. Wellington 


quadrangle, Utah. 


that of the captured drainage. Profiles of the two streams (Fig. 7) 
matched at the 6750-foot contour, a few hundred feet above the cap- 
ture, show clearly the differences in the gradients of the two streams. 
It is noteworthy that Fish Creek, from its junction with its master 
stream, Soldier Creek, up to the 6250-foot contour (Fig. 6) has a lower 
gradient than its master up to the same contour. Soldier Creek drains 
a considerable area back of the escarpment, while the much smaller 
Fish Creek, before the capture, was working entirely in the shale. This 
relation confirms the deduction about the higher gradient required by 
a mountain-born stream as compared with one flowing only on weak 
rocks. 

Other examples of captures or near captures and imminent stream 
diversions, and of the lower gradients required where resistant debris 
from the cliffs does not have to be disposed of, may doubtless be found 
on the maps mentioned. 

The Book Cliffs also bear testimony regarding the agencies which 
cause the retreat of escarpments. According to Johnson, not only the 
formation of rock fans, but also the accompanying retreat of the escarp- 
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ment fronts, is accomplished mainly by the lateral cutting by streams 
too heavily burdened with sediment to cut downward. Examination 
of the maps of the Book Cliffs reveals many features opposed to such 
an interpretation. For example: The benches are being dissected by 
temporary streams, but the maps show that after a bench has been 
trenched by streams, the remnants are wasted away. by the retreat of 
their own escarpments, mainly by sapping and sheetwash, and that 
sloping plains are being developed at their bases as the remnants 
retreat. 

These features are well shown along the edge of the bench extend- 
ing southwestward from Young’s ranch (Fig. 6). Along much of that 
scarp no opportunity is afforded for lateral cutting by streams. Ac- 
cording to the maps, the retreating remnants of the bench are bord- 
ered by a distinct sloping apron, generally more than 50 feet in height 
and several hundred feet in width, testifying to a retreat by wasting 
rather than by stream undercutting. 

An example illustrating even more clearly that retreat is by wasting 
and sapping rather than by lateral planation is a short, broad amphi- 
theater which is working its way headward into the bench between 
Soldier Creek and Dugout Creek (C of Fig. 6). It is obvious that 
further widening and lengthening of this amphitheater must occur and 
that the enlargement must be done with respect to the present floor of 
the amphitheater as a local base level below which wasting cannot 
proceed. As the present valley widens and elongates, a sloping rock 
floor will necessarily be developed beneath it, which will not be in any 
way a product of lateral corrasion by running water, but, rather, a 
product of weathering and wasting controlled as to gradient by the 
necessity for the transporation of the debris by sheetwash from the 
wasting valley walls to the central axis of the valley and thence by 
sheetwash and streams to the master drainage outside. 

Many similar situations can be found in the three topographic maps 
named. On the other hand, it is possible to find many places where 
lateral corrasion by streams descending from the Book Cliffs is in prog- 
ress. Lateral corrasion thus plays a part, but, on the whole, as judged 
from maps, it does not appear to be a dominant one, in the erosion of 
the benches. 

Examination of the base of the main escarpment of the Book Cliffs 
shows many places where fan forms are developing—presumably rock 
fans—but in few of these is the topographic situation such that lateral 
cutting by streams can play any effective part. As an example, see 
the compound fan or apron in the southwest quarter of Section 20 (B 
of Figure 6). 
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The relative importance of lateral stream corrasion as compared 
with wasting to a controlled gradient in producing sloping rock sur- 
faces must, obviously, vary from place to place. Either process 
is capable of producing the result. The effects of the lateral corra- 
sion of fully loaded streams should not be minimized, but, as has been 
shown above, such corrasion is not necessary for the production of 
either rock fans or sloping rock-floored plains. 

Lateral corrasion by streams seems to play only a minor role in caus- 
ing the retreat of mountain or escarpment fronts. Against the fact 
that, as reported by Johnson,’* streams are not uncommonly found 
flowing between rock fans and the mountain fronts, must be balanced 
the great majority of cases where the drainage is directly or radially 
outward from the mountain front so that no possible opportunity is 
given for snubbing back the front by lateral stream corrasion. Refer- 
ence may be made to the detailed maps of the face of the Book Cliffs 
escarpment (Fig. 6) and to the isolated mountain remnants of the 
Sacaton Mountains (Fig. 8) as typical examples. 

The preceding analyses make clear why streams should occasionally 
be found undercutting mountain or escarpment fronts without thereby 
being dominant factors in their retreat. 


APPLICATION TO HARD-ROCK RANGES OF THE DESERT 


The principles outlined and exemplified in the preceding discussion 
are not restricted in their application to retreating scarps or to weak 
rocks at the base of hard-rock mountain ranges. They apply every- 
where, but where controlling factors are different, the resulting forms 
are not everywhere the same. 

The fundamental principles—that the land is constantly wasting 
away under the action of weathering, creep, and sheetwash; that the 
lower limit to which wasting may proceed is set by the necessity for the 
removal of the weathered products; and that gradients, and conse- 
quently, the form of the surface, are often controlled by running water 
as a transporting rather than a corrading agent—are as true for the 
hard-rock ranges of the deserts as for the regions already described. 

If we examine a typical region in an old age stage of the arid cycle, 
where scattered residuals of former mountain masses stand on broad 
rock pediments sloping away from them in every direction, and if we 
imagine the course of further evolution in such an area, the application 
of the principles outlined above becomes clear and is easily understood. 

Consider, for example, a part of the Sacaton Mountains in the Papago 


14. Douglas W. Johnson: Rock fans of arid regions, Am. Jour. Sci., 4th ser., vol. 23 (1932) p. 
389-416. 


, 
: 


1018 J. L. RICH—ORIGIN AND EVOLUTION OF ROCK FANS AND PEDIMENTS 


country of Arizona, which Bryan uses and figures as an excellent ex- 
ample of a pediment (Fig. 8). Of this area, Bryan says: 


The normal mountain pediment has smooth slopes broken only by scattered 


% Scale in Miles 


Ficure 8.—Sacaton Mountains, Arizona, and their pediment 
From Gila Butte and Casa Grande quadrangles, Arizona. Contour interval 25 feet. 


hills that rise abruptly from the plain and are more or less strung out in lines 
which are prolongations of the intercanyon ridges of the mountains.* 


Of the northern half of the area shown in Figure 8, he says: 


The plains around the hills and small mountains are cut on rock, but the north- 
ern part of the area shown has a heavy burden of alluvium.” 


%5 Kirk Bryan: Erosion and sedimentation in the Papago country, Arizona, U. 8. Geol. Surv., 
Bull. 730 (1923) p. 52-53. 
16 Op. cit., p. 53. 


= 
- 
S726) 
% 
= — 
4 


1019 


APPLICATION TO HARD-ROCK RANGES OF THE DESERT 


== 


| 
| 
x 
LW De | 
| 
: i 
Te 
®)) 
= H ; 


1020 J. L. RICH—ORIGIN AND EVOLUTION OF ROCK FANS AND PEDIMENTS 


The eroded bedrock floor is said to continue to the vicinity of Sacaton 
Butte. 

Postponing for the present an inquiry into how the pediment came to 
be as it is, let us consider the effect of further evolution. Obviously 
the mountains are wasting away by weathering, and just as obviously 
the weathered products must be carried away over a gradient steep 
enough to permit them to be moved. The rock, though weathered, can- 
not be removed below the line of this gradient. Consequently, as the 
mountains waste away, a sloping rock plain, representing the lower 


a x 


Ficure 10.—EZncroach t of pediment on mountain front 


Diagrammatic sketch illustrating pediment encroaching at gradually lessening gradient, due to re- 
grading as debris supply decreases. 


limit of wasting, must encroach upon them from all sides, as shown in 
Figures 9 and 10. The gradient of this rock plain must be that neces- 
sary for the removal of the waste material—no more and no less— 
therefore, the rock will be covered by only a thin and discontinuous 
veneer of waste in transit. 

The sloping rock plain thus produced would be in all respects similar 
to the pediment already developed, of which it would be an extension. 
If the processes sketched above are competent to produce such an ex- 
tension of the pediment, it seems reasonable to project them backward 
in their operation and to believe that they may have produced the entire 
pediment. 

In an old age stage, such as that represented in Figures 8 and 9, we 
should expect, if the pediment was produced by wasting in the manner 
outlined above, that it would have the form, not of distinct rock fans, 
but of a compound skirting pediment surrounding all the mountain 
masses and extending in broad sags up between them. These sags 
would have evolved from valleys which, in earlier stages of the topo- 
graphic evolution, extended back into the mountains. In this late 
stage of the cycle, fan forms, as contrasted with apron-forms, would 
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not be conspicuous because wasting, rather than stream erosion, domi- 
nates, and no master streams are present to localize coarse debris in the 
relatively large volume necessary to produce conspicuous fan forms. 

Examination of Figures 8 and 9 and of topographic maps of other 
similar regions shows that the expectations outlined above are realized 
and that broad sags between mountain residuals are the rule. 

It is to be noted and emphasized that the processes of wasting and 
sheetwash outlined above seem competent to produce pediments with- 
out the aid of lateral planation by streams, to which agency Johnson 
assigns the major role in their formation. In fact, in situations like 
that shown in Figures 8 and 9, there must be little opportunity for 
lateral cutting in extending the pediment headward. Nor does it appear 
that lateral cutting by streams could have produced the present isola- 
tion of the various mountain masses in that high divide area from 
which the drainage radiates in all directions. 

The sloping aprons leading down smoothly from the residual moun- 
tain masses toward the sags between them seem to show clearly that the 
mountain fronts retreat by wasting rather than by being snubbed back 
by streams locally diverted to the margins of rock fans, as has been 
urged by Johnson. 

In emphasizing the above arguments against lateral planation as the 
prime factor in the production of pediments, the writer does not wish 
to be understood as denying or minimizing the importance of lateral 
planation as a factor in desert physiography. The prevailing condi- 
tions of stream load force the desert streams to corrade laterally, as 
Johnson has pointed out, and in many places such corrasion contributes 
actively to the formation of the pediments, especially along the sides 
of canyons debouching from the desert mountains. Nevertheless, lat- 
eral corrasion need be only a contributing and not an essential factor in 
the formation of pediments, and a very minor factor in the retreat of 
mountain fronts. 

In order to understand how, without the lateral corrading action of 
streams, a growing pediment, in extending itself mountainward, can 
constantly be re-graded from inclinations of 200 to 300 feet per mile, 
commonly found close to the mountain base, to those of 50 to 100 feet 
per mile at the same place after the mountain front has retreated, and 
to meet the objection on that score raised by Johnson,"’ it is essential 
to realize that the surface of the pediment itself is subject to weathering 
and wasting and its weathered products to removal by sheetwash; that 
the cause of the steepness of the pediment slope near the mountains is 
the presence of abundant relatively coarse debris which must be trans- 


17 Douglas W. Johnson: Rock plains of arid regions, Geog. Rev., vol. 22 (1932) p. 656-665. 
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ported across it, requiring a relatively steep slope for the process; and 
that if new debris were not constantly supplied from above, the steep 
slope could not be maintained, for the rock would become exposed, 
would disintegrate, and its products could be removed by sheetwash 
over a lower gradient. 

Thus, as the mountain front retreats, the pediment wastes away and 
is lowered until its gradient is brought down to that required for the 
transportation across it of its own debris and that supplied from farther 
up the slope. Expressed in other words: A pediment would waste away 
faster than it does and would be brought to a lower gradient than it has, 
were it not for the protective effect of the debris supplied from above 
by the wasting mountains. 

As the residual mountain fronts become smaller and lower, they yield 
less and less debris. The area on which the rain falls, and, consequently, 
the total volume of water falling during a storm, remains the same 
(neglecting any diminution of rainfall due to lessened altitude), with 
the result that the gradient necessary for the removal of the debris from 
the summit areas gradually grows less. Finally, when the protruding 
knobs are gone, wasting in the crest area is not hindered by debris from 
above and consequently can proceed until the surface becomes nearly 
flat. Meanwhile, farther down the slope of the pediment, a moderate 
gradient is still required for the transportation of the debris carried 
‘down from higher up the slope. 

Thus, an upwardly convex profile, such. as Davis has described, is 
produced. The mechanism for its production, as outlined above, is 
conceived from a different point of view than that outlined by Davis, 
but the fundamental factors in each interpretation seem to be the same, 
namely, the relations between volume of water, gradient, and sediment 
load.’® 

After the last mountain remnants have disappeared from a pediment, 
a broad, convex-topped rock dome would remain. This would gradually 


18 William Morris Davis: op. cit. 

19 While attention is focussed on profiles, it might be worth while to examine the reasons for 
the transition to a sub-aerial pediment from Lawson’s suballuvial bench, and the reason why the 
pediment surface acquires a concave profile instead of the upwardly convex profile which Lawson 
deduced for the suballuvial bench. 

While the mountains are youthful and are being actively dissected by streams, the adjoining 
basin fills with alluvium and, as the mountains retreat, the convex suballuvial bench is developed 
under the control of the rising base level, as described by Lawson [A. C. Lawson: The epigene 
profiles of the desert, Calif. Univ., Dept. Geol., Bull. 9 (1915) p. 23-48.] 

In the later stages, however, as was pointed out by both Lawson and Bryan, the mountain area 
becomes continually smaller and lower and the alluviated basin area steadily larger. The rate of 
rise of the alluvium steadily becomes slower and finally becomes so slow that either the encroach- 
ment of the alluvium cannot keep pace with the retreat of the mountains, or the debris supplied 
by the steadily diminishing mountains may become no more than that removed from the basin 
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waste away by weathering and sheetwash, its gradients gradually grow- 
ing less as time goes on and as more and more thorough disintegration 
and comminution permits transportation over a gradually decreasing 
gradient. 

Dissected pediments have been reported to be common in the south- 
western deserts. Various circumstances might lead to the dissection of 


Pediment 
< 


Ficure 11.—Rock surface in old age stage of arid cycle 


Diagrammatic profile showing transition from upwardly convex suballuvial bench to concave 
sub-aerial pediment. 


a pediment. Changes in relative level, downcutting by a master stream, 
and climatic changes readily come to mind and require no discussion. 
One possible cause for dissection deserves brief mention. It may be ex- 
pressed by a question: Would a pediment be dissected as a final result 
of the wasting away of the mountains which surmounted it? 

If the residual mountains standing on a pediment could suddenly be 
removed, stripping and dissection of the pediment would undoubtedly 
ensue because the gradients adjusted to the transportation of debris 
from the mountains would be too steep if that debris were suddenly 
withdrawn. In the course of natural evolution, however, the mountains 
disappear so slowly that it would seem that the gradients would adjust 
themselves continually to the decreasing supply of debris from above, 
so that the final disappearance of the mountains would not lead to any 
sudden changes. 

Turning attention again to earlier stages in the cycle: The principles 
governing the protective effect of alluvial material brought to the foot 


by the wind, so that the level of the basin ceases to rise. In either event, the growing pediment 
is no longer continually buried under alluvium; it becomes a slope of transportation whose gradient 
is controlled by the necessity for the transportation of the debris supplied from above. It there- 
fore assumes a profile appropriate to this task. Such a profile is generally slightly concave 
upward because of a general increase in coarseness of the material mountainward and, perhaps, a 
general increase in volume of water basinward, but under special conditions it may be straight, 
and in the final stages it tends to become convex at the top, as has been shown by Davis. 

The normal rock profile resulting from the degradation of a fault-block desert mountain range 
through to the late stages of the cycle should, therefore, change from convex upward under the 
alluvial filling of the central part of the basin, to slightly concave upward for the pediment sur- 
rounding the last remnants of the mountains, and, finally, to convex at the top after the moun- 
tains have disappeared. See Fig. 11. 
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of the mountains by the larger streams emerging from them in the 
earlier stages of the cycle are the same as those explained in preceding 
sections of this paper, and need not be elaborated here. As in the case, 
already discussed, of streams flowing from hard-rock areas onto soft 
rocks, the protective effect of alluvium constantly brought down by a 
stream emerging from a mountain canyon would retard wasting in the 
area affected, while adjoining areas wasted away. Fan forms would 
thus be produced, and they would be floored by rock (following possible 
earlier stages of alluvial fan building). 

If the rocks of a mountain front adjacent to a rock fan weathered to 
debris which could be transported by sheetwash on a slope of lower 
angle than that needed for the transportation of the coarse debris of 
the fan by its stream, drainage diversions of the type deduced (Fig. 3) 
might be brought about and, after diversion had occurred, the rock 
fans would be dissected. 

If the rocks of the mountain front adjacent to a rock fan yielded 
weathering products which required a steeper gradient for their trans- 
portation by sheetwash than that of the fan, drainage diversions would 
not occur, and the stream would remain on its fan, enlarging it gradually 
by lateral planation. 

In the later stages of the cycle, distinct fan forms opposite the points 
of emergence of the major streams from the mountains would gradually 
give place to the broad, smooth pediments, already discussed and fig- 
ured, having more nearly the form of aprons than of fans, and the sharp 
mountain valleys that characterize the earlier stages would give place 
to broad sags between the aprons leading up the wasted remnants of 
the mountains. 

CONCLUSIONS 


Rock fans and pediments are normal features of wasting, retreating 
escarpments, and mountain fronts, and are best developed in arid or 
semi-arid climates. Drainage diversions and the dissection of aban- 
doned fans and pediments are normal and to be expected. They do not 
require the intervention of diastrophic or climatic changes. 

Wasting and sheetwash, in conjunction with the blanketing affect 
of alluvial debris, are the essential factors required for the production 
of rock fans and pediments. Lateral corrasion by streams is not neces- 
sary. In arid lands the topographic forms are commonly controlled 
by running water through the laws governing the transportation of 
debris, but they need not have been carved by the corrading action of 
streams. The control may be mainly through the debris supply setting 
graded limits below which wasting cannot proceed. 
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